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ABSTRACT 


Thia  raport  daala  with  tha  Work  dona  to  deteralne  tha  feaal** 
bllity  of  long-distance  underwater  signalling  by  naans  of  laplo- 
alona  oauaad  by  pressure-activated  ruptura  discs.  Tha  daalcn  and 
usa  ot  a  laboratory  lnatrumant  to  study  tha  behavior  of  ruptura 
discs  undar  praaaura  la  daccribad.  Tha  axparlaants  performed  with 
thlr  Instrument  and  thalr  results  ara  reported.  A  flald  axperl- 
aant  was  ponductad  to  dataralna  tha  amount  of  snarly  obtalnad  froa 
laploalon  devices  as  wall  as  tha  dlstanca  ovar  which  they  can  ba 
haard.  In  tha  ooursa  of  tha  anparlawata  in  tha  laboratory  and  In 
tha  flald  it  was  found  that  tha  prassura  at  Which  ruptura  occurs 
la  dataraluad  by  tha  dapth  of  two  Mutually  perpendicular  grooves 
out  into  one  faoe  of  each  disc,  and  that  at  a  depth  of  2800  feat 
(1100  pal)  an  lagtloslve  volume  of  3  cubic  foot  Is  equivalent  in 
potential  energy  to  1  lb.  of  TNT.  It  Is  also  shown  that  tha  uaa 
of  neutrally-buoysnt  floats  aqulppsd  with  laploslva  devices  to 
study  daap  currants  In  tha  ocean  la  parfactly  feasible. 
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1 .  INTRODUCTION 

Til*  lituiruly-uuujfowv  !iuat  liaiS  U*!i  ST<  SCCCp'tcd  5CCS!!5“ 
graphic  instrument  f or  nearly  a  decade  (Stoanel,  1954) »  The 
first  practical  floats  war*  designed  and  built  by  J.  C.  Swallow 
who  used  the*  quite  successfully  in  May  and  June  of  1955 
(Swallow,  1955).  Since  then  they  have  been  used  profitably  by 
Swallow  and  others  in  various  studies  of  the  deep  circulation 
in  the  ocean  (Swallow,  1957;  Swallow  and  Haaon,  1959;  Swallow 
and  Worthington,  1961). 

As  developed  by  Swallow,  a  neut rally-buoy ant  float  consists 
of  a  long  thin  aluminum  tube,  closed  at  both  ends,  and  of  such  a 
design  that  under  the  influence  of  hydrostatic  pressure  the  float 
as  a  whole  is  less  compressible  than  seawater.  If  such  a  float 
is  adjusted  to  have  a  small  amount  of  negative  buoyancy  at  the 
sea  surface,  it  will  sink  when  set  overboard.  As  it  descends  it 
will  beooma  compressed  due  to  the  hydrostatic  pressure  and  its 
density  will  increase.  Since  seawater  la  sore  cospreseible  than 
the  float,  the  density  of  the  water  surrounding  the  sinking  float 
will  Increase  at  a  greater  rate.  Thus  at  eoam  depth  the  float 
obtains  a  snail  amount  pf  positive  buoyancy  with  respect  to  its 
surroundings  and  will  continue  to  drift  at  this  depth.  A  float 
carries  batteries  and  electronic  gear  inside,  a  transducer  out¬ 
side,  and  emits  signals  at  fixed  predetermined  intervals. 
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A  ship  at  the  surface  can  track  tho  progress  of  the  float  by 
these  signals. 

With  electronic  «i  emailing  the  useful  range  of  even  very 
large  floats  la  of  the  order  of  miles  or  at  best  a  few  tens  of 
miles.  Thus  a  float  Is  useful  only  as  long  as  a  ship  Is  avail-* 
able  to  track  It.  Whereas  In  theory  it  seems  quite  possible  to 
track  a  number  of  floats  simultaneously  with  the  ship,  In  practice 
only  can  be  tracked  successfully  for  any  worthwhile  length 

of  time.  It  is  obvious  that  to  obtain  a  significant  measure  of  the 
distribution  in  specs  and  time  of  the  deep  currents  at  some  location 
In  the  ocean  using  neutrally*  iiuoyart  floats,  the  cost  of  such  data 
In  ship-hours  and  man-hours  expended  incomes  prohibitive.  Since, 
however,  the  concept  of  neut rally-buoy ant  floats  Itself  represents 
both  a  great  advance  In  the  mapping  of  deep  currents  and  an  economi¬ 
cal  tool.  It  became  clear  qultu  early  to  oceanographers  that  it  was 

the  method  of  tracking  the  floats  that  needed  to  be  Improved. 

it 

The  discovery  of  the  80FAR  channel  in  the  ocean  and  the 
important  developments  made  In  the  use  of  underwater  sound  during 
the  second  World  War  showed  several  people  in  the  field  the  way  to 
an  elegant  tracking  system.  Differing  only  In  details,  they  con¬ 
ceived  of  a  shore-based  network  of  SOFAR  listening  stations  and  a 
multitude  of  neutrally-buoyant  floats  relsassd  either  by  planes  or 


*  See  Appendix  A 
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■hips  to  drift  at  many  different  locations  and  deptha  in  the 
ocean.  At  regular  Intervale  each  float  would  create  a.  signal 
ox  auxxicient  strength  to  be  recorded  at  the  listening  stations. 

If  at  least  three  stations  received  rich  a  signal  an  accurate 
fix  on  the  float's  position  could  be  made  and  its  progress  plotted. 
In  these  schemes  the  timing  of  the  signals  is  of  great  importance. 
An  accurate  timing  mechanism  is  necessary  so  that  a  float  muy  be 
identified  by  its  unique  time  of  reporting  and  also  to  prevent 
signals  r*. _  v^.l.iug  simultaneously  and  maskii.g  each  other. 

The  type  of  signal  to  be  used  and  the  means  to  activate  it 
are  important  considerations.  Several  ideas  have  been  proposer'. 
Stommel  (1954)  envisioned  a  parent  float  which  would  release  ar, 
explosive  sinker  and  a  compensating  float  to  restore  neutral  buoy ■■ 
ancy  at  regular  Intervals.  This  would  require  only  one  accurate 
timing  mechanism.  Another  method  would  set  adrift  a  cluster  of 
neutrally-buoyant  floats  tied  together  by  a  neutrally-buoyant 
string.  At  regular  intervals,  one  float  would  release  itself, 
flood  a  previously  air-f tiled  compartment  to  sink,  or  release 
some  ballast  to  ascend  into  the  90FAR  channel,  and  generate  a 
signal  to  Indicate  the  position  of  the  cluster.  In  this  plan 
more  than  one  c).ock  might  be  necessary,  but  tha  extra  payload 
represented  by  the  compensating  floats  would  be  avoided. 

For  the  development  of  the  air~*ea  rescue  network  which  vas 
one  of  the  first  practical  applications  of  SOFAR,  the  only 
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satisfactory  long-range  signalling  devices  were  high  energy 
explosives  such  as  TNT.  Since  it  was  clear  to  oceanographers 
that  for  ocean-wide  signalling  electronic  methods  would  he  tar 
too  inefficient,  it  is  not  surprising  that  the  early  proposals 
referring  to  an  ocean-wide  Swallow  float  tracking  system  take 
the  use  of  explosives  for  granted.  There  is,  however,  a  great 
difference,  both  with  respect  to  engineering  requirements  and 
moral  or  political  considerations,  between  a  one-shot  no-delay 
rescue  signal  and  an  array  of  many  tans  or  hundreds  of  oceano¬ 
graphic  survey  floats  equipped  with  high  explosives  set  adrift 
in  international  waters  for  long  periods  of  time. 

When  the  author  became  interested  in  the  tracking  of  deep 
currents  by  means  of  neutrally-buoyant  floats  in  the  summer  of 
1983,  the  existence  of  nn  ocean  spanning  network  of  shore-based 
SOFAR  listening  stations  had  become  a  reality  as  regards  the  North 
Pacific  and  North  Atlantic  oceans.  The  time  had  come  to  develop  a 
neutrally-buoyant  float  with  long-range  signalling  capabilities. 
Some  effort  was  given  to  the  design  of  a  safe  and  reliable  explo¬ 
sive  float.  This  was  abandoned,  however,  not  only  for  reasons  sot 
forth  in  the  previous  paragraph,  but  also  because  handling  and 
storage  of  the  floats  prior  to  their  release  represented  a  grave 
problem.  Thus  other  sources  of  energy  had  to  be  found. 

When  a  hollow  body  collapses  under  excessive  hydrostatic 
pressure,  energy  is  released  as  a  consequence  of  the  work  done 
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by  the  water.  Ii,  for  example,  the  body  lm  a  The.; ,  cite  energy 
IS  equal  to  tne  proauct  OX  the  volume  and  ihv  {treasure  ai  ■iiicu 
collapse  occurs.  For  buoyancy,  all  Swallow  floats  have  a  large 
hollow  volume.  To  us®  the  potential  energy  represented  by  l,h*s 
volume  is  an  appealing  idea  and  a  harmless  one.  Since  Swallow 
floats  ars  designed  to  withstand  nearly  all  pressures  encountered 
in  the  ocean,  a  method  had  to  be  developed  to  allow  a  controlled 
implosion  to  occur  at  a  specified  pressure. 

Another  basic  problem  was  to  determine  the  amount  of  useful 
energy  that  could  be  obtained  from  an  implosion.  It  la  impossible 
to  do  this  in  a  llquid-pressurizsd  tank  of  any  finite  volume}  aa 
soon  as  the  test  vessel  begins  to  collapse,  the  pressure  in  the 
tank  decreases  substantially.  A  1047  unpublished  report  of  the 
Woods  Hols  Oceanographic  Institution  estimated  without  experimen¬ 
tal  evidence  that  at  1800  pal  a  volume  of  one-half  cubic  foot  wc  -.Id 
release  an  amount  of  energy  approximately  equivalent  to  that  cbtr.lned 
from  one  pound  of  TNT.  Even  if  this  estimate  were  off  by  a  factor 
of  ten,  it  might  still  be  better  to  use  ieploslve  floats  rathsr 
than  to  make  extensive  use  of  explosive  floats. 

This  report  describes  in  some  detail  the  work  undertaken  to 
develop  and  study  controlled  implosion  devices.  It  also  describes 
a  field  experiment  conducted  to  determine  the  useful  range  of  Im¬ 
plosion  devices  for  long-distance  signalling. 
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II.  INITIAL  DEVELOPMENTS 

During  the  suwner  of  1963  AXlyn  C,  Vine  of  the  Woods  Hole 
Oceanographic  Institution  had  in  his  possession  several  snail 
signalling  devices  designed  to  lsplode  at  different  pressures. 

These  sere  obtained  to  test  the  usefulness  of  such  devices  in 
ship  -  to-bo  t  toa  echo  sounding.  Their  inplosive  voluaw  was  fomod 
by  a  cylinder,  18  inches  long  with  a  disaster  of  2.5  inches,  or 
a  voluae  of  approximately  0.05  cubic  feet. 

Two  such  devices  were  aade  available  to  the  author  for  a  ii.xd 
test  in  cooperation  with  the  Geophysical  field  Station  of  Columbia 
University  at  St.  David's,  Bermuda.  Both  were  set  for  1880  ps < 
which  corresponds  to  the  depth  of  the  SOFAR  Channel  around  Bar.  uda. 
The  devices  were  placed  on  the  R/V  Crawford  which  sailed  on  1 
August  1063  from  Woods  Hols  for  Barbados,  passing  close  by  Berime  . 

In  addition  to  the  devices,  two  snail  explosive  charges  were  put 
on  board  equipped  with  1800  pel  pressure  detonators.  The  charges 
were  equivalent  to  l/l8  lbs  of  TNT  and  were  needed  to  calibrate 
the  signals  from  the  isploelon  devices* 

The  first  explosive  charge  and  laploslv*  device  wer«  each 
equipped  with  ballast  and  thrown  overboard  five  sinutss  apart  whev 
the  Crawford  was  94  nautical  Bliss  south  of  Bemuds.  Six  hours 
later  at  a  distance  of  176  nautical  Biles  tbs  second  pair  was  treated 
similarly.  At  the  expected  tine  of  arrival  for  the  first  Inplosive 
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signal  a  ship  passed  over  the  hydrophone  raising  the  noise  level 
suixicienxiy  xo  nass  any  incoming  signals*  Fortunately,  two  ex¬ 
plosive  charges  and  the  second  laploe  va  signal  ear* 
clearly.  A  coaparlson  of  the  records  obtained  from  the  second 
explosive  charge  and  the  second  inplosive  signal  Indicates  that 
the  inplosive  signal  was  equivalent  in  energy  to  l/80  lbs  of  TOT. 
Considering  the  volume  of  the  device,  It  was  tentatively  estimated 
that  at  1880  psl  a  volume  of  4  cubic  feet  Is  approximately  equi¬ 
valent  In  potential  energy  to  1  lb  of  TOT,  vhlch  differs  by  a 
factor  of  sight  froa  the  1047  estimate  of  the  Woods  Hols  Oceano¬ 
graphic  Institution  (see  page  8).  The  large  distance  over  which 
this  inplsslon  signal  had  been  beard  encouraged  the  author  to  con¬ 
tinue  with  the  development  of  neutrally-buoyent  iaploaive  algnrll/ ng 
devioes. 

The  lap]  ’  live  devioes  used  In  the  Bermuda  field  test  were 
hollo*  cylinders,  with  a  stiff  disc  at  one  and  and  a  rupture  disc 
at  the  other*  These  rupture  discs  are  commercially  available  and 
oonalst  of  mull  metal  platea,  slightly  concave  In  appearance,  and 
preatressed  In  such  a  Banner  as  to  oollapaa  under  a  known  critical 
pressure.  Their  main  purpose  is  to  guard  against  damage  from  ex¬ 
cessive  pressures  in  industrial  fluid  and  gas  installations. 

The  results  of  the  Bermuda  test  indicated  that  for  ocear-vdd a 
signalling  larger  isploslve  voli  ws  would  be  needed.  It  was  clso 
dear  that  larger  rupture  discs  ware  required  so  that  both  the 
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length  Rnd  the  diameter  of  the  floats  could  be  Increased. 

The  largest  Inner  diameter  of  tubing  tdilch  has  a  wall  thickness 
which  can  withstand  the  pressures  at  depth  In  the  ocean •  yet  still 
Is  thin  enough  to  be  managable  and  inexpensive,  is  approximately 
six  Inches.  Rupture  discs  are  not  conoerically  available  In  this 
size.  The  cost  of  developing  than  commercially  proved  prohibitive. 

It  was  decided  to  try  and  develop  rupture  discs  within  the  scope 
of  tlie  project  at  the  Massachusetts  Institute  of  Technology. 

It  was  assumed  at  once  that  the  rupture  discs  should  be  made  of 
natal  to  have  both  the  strength  to  withstand  great  pressures  and  the 
ductility  to  deform  and  eventually  rupture  at  critical  pressures. 

In  the  design  of  metal  rupture  discs,  two  considerations  are  of 
prime  importance.  First,  when  rupture  occurs,  a  disc  should  slat'  - r 
rapidly  and  completely  so  as  not  to  impede  the  forced  flow  of  water 
Into  the  tube.  Second,  some  fairly  straightforward  method  to  con¬ 
trol  the  pressure  at  which  a  disc  will  rupture  had  to  be  developed. 

To  assure  proper  collapse  of  the  disc  one  surface  may  be  scored 
with  one  or  more  grooves  running  from  edge  to  edge  through  the  center 
end  dividing  the  disc  Into  equal  sections.  The  optimum  number  of. 
grooves  had  to  be  determined  experimentally  and  was  found  to  be  2. 

A  dime  so  soored  will  break  into  four  sections  which  fall  freely 
Into  the  tube.  One  score  leaves  two  half  discs,  each  of  which  it, 
too  large  to  move  freely*  The  behavior  of  discs  with  more  than  two 
scores  was  essentially  Identical  to  discs  with  two  mut  ally  perpwn- 
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dlcular  scores.  Rupture  would  begin  along  onw  groove  and  slightly 
later  a tart  along  a  awoond  groove*  One*  bogun  along  a  second  gmovn, 
collapaa  Into  four  aoctlona  would  be  rapid  and  coeplete. 

That  rupture  will  commence  first  along  one  groove  and  only  later 
along  a  awoond  groove  in  due  to  the  feet  that  the  metal  used  lb 
nlll-rolled*  The  least  strength  is  perpendicular  to  the  direction  of 
rolling  in  the  plena  of  the  material*  Thus  the  material  below  the 
grooves  which  lies  most  nearly  perpendicular  to  the  direction  of 
rolling  will  have  the  least  resistance  to  tearing  under  deformation 
caused  by  pressure.  To  counteract  this  undesirable  behavior  it 
mas  dsoidsd  that  nil  discs  should  be  milled  so  that  the  two  mutually 
perpendicular  grooves  would  both  intersect  the  direction  of  rolling 
at  a  49°  angle.  The  effect  can  still  be  observed*  however,  on  any 
disc  subjected  to  incomplete  rupture  due  to  decay  in  pressure. 

See  Figure  11-1. 

Besides  determining  e  rupture  pattern  for  a  disc,  the 
grooves  also  cause  the  weakness  which  allows  rupture  to  take  plaeu 
Sines  it  is  obvious  that  the  deeper  the  groove  the  greater  this 
weakness,  it  seamed  probable  that  some  sort  of  relation  between 
groove  depth  and  rupture  pressure  existed.  To  examine  this  pos¬ 
sibility  further,  an  instrument  was  made  to  hold  a  disc  and  subject 
it  to  pressures  up  to  3000  pel  in  tbs  hydraulic  pressure  tank  of 
ths  Woods  Bole  Oceanographic  Institution. 

The  choice  of  metal  to  be  used  tor  the  discs  is  at  least 
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initially  a  question  of  tasta.  Ths  author  choaa  aluminum  for 
two  raaaona.  Sine*  tha  tubas  themaelvea  wars  to  ba  made  of 
■  lUMtmm.  th*  !!•»  Of  slU5lt!iI5  riptSTS  dlSCS  Knilu  yiilu  iiorii 
poaalhilltlaa  for  attaching  the  dlsoa  to  tha  tubas;  besides 
Mechanical  methods,  welding  oould  be  considered  as  a  means  of 
fitting  tubas  with  rupture  dlses.  Also,  since  aluminum  is  a 
relatively  weak  material,  thick  plates  would  have  to  be  used. 

If  it  was  found  that  the  rupture  pressure  of  s  disc  ware  depen¬ 
dent  on  the  ratio  of  the  groove  depth  to  the  disc  thickness,  it 
would  be  easier  to  control  this  ratio  with  a  thick  aluminum  plate 
than  with  a  thinner  steel  plate. 

The  Instrument  used  to  discover  If  such  a  relationship  does 
Indeed  etxlst  Is  shown  in  Figure  11-2,  It  consists  of  an  aluminum 
tube  which  rests  on  a  heavy  aluminum  bottom  plata.  The  bottom 
plate  also  anchors  six  bolts  which  are  used  to  tighten  a  ateel 
oollar  against  the  top  edge  of  the  tube.  The  disc  to  be  tested 
is  placed  with  the  grooves  facing  Inward  on  top  of  the  tube. 

The  oollar  Is  placed  over  tha  disc.  When  the  nuts  are  tightened 
on  the  bolts,  the  0-rings  asks  the  instrument  watertight  even  at 
high  pressures.  The  instrument  Is  than  placed  in  tha  pressure 
tank.  When  the  tank  pressure  la  Increased  the  disc  will  deform 
until  it  ruptures  since  it  Is  supported  by  only  one  atmosphere  of 
pressure  inside  the  tube* 

A  few  Initial  tests  were  performed  on  discs  of  thickness  0.2S0 
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Inch  and  0.160  inch  with  groove  depth  ranging  from  0.006  inch  to 
u.ueu  men.  The  groove*  were  cut  with  a  V-enxer,  tne  sane 
tool  ha*  been  used  on  all  discs  treated  In  this  report.  It  was 
soon  learned  that  the  thicker  disco  *»re  not  suitable  for  our 
purpose.  Even  with  very  deep  grooves  they  remained  sufficiently 
strong  to  defora  without  ever  rupturing.  Thus,  all  results  re¬ 
ported  herein  pertain  to  discs  of  thickness  0.160  inch. 

The  sarly  tests  in  the  Woods  Hols  pressure  tank  showed  conclu¬ 
sively  that  rupture  pressure  does  Indeed  vary  with  groove  depth. 
Unfortunately,  the  accuracy  of  the  results  suffered  greatly  from 
two  major  faults  of  the  combined  system.  The  collar  of  the  instrur 
■ant  shown  In  Figure  11-2  dose  not  maintain  a  continuous  clamp  on 
the  disc  as  the  pressure  increasea,  for  me  the  0-rlngs  conpros- 
under  pressure  the  tension  on  the  oollar  provided  initially  by 
tightening  the  six  nuts  is  relaxed.  Thus,  although  a  watertight 
seal  was  maintained,  the  disc  could  slide  freely  on  the  tube  and 
in  many  tents  with  shallow  grooves  it  deforswd  irregularly  and  was 
forced  into  the  tubes  without  rupturing. 

The  pressure  in  the  tank  at  thw>  Institution  is  built  up  by 
naans  of  a  high-prsssure  snail-displacement  compressor  which  forcss 
water  into  the  tank*  Since  insufficient  precautions  wars  taken  to 
prevent  the  cyclic  ha— ring  of  the  conpreseor  from  affecting  the, 
pressure  in  the  tank,  the  pressure  at  all  tines  fluctuated  around 
its  mean  by  from  SO  to  200  lbs  per  square  inch.  This  made  it  all.  >s 
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Impossible  to  take  measurements  to  the  accuracy  required. 

Si;;;  ;cth  the  tubes  uii  th;  ii???  w>ra  aniia  of  aluminum., 
it  was  decided  at  the  tine  to  try  welding  aa  a  me ana  of  attaching 
a  disc  to  lta  tube.  Two  methods  were  tried. 

In  the  first  method,  a  disc  of  6.625  Inch  diameter  was  placed 
symmetrically  on  a  tuba  with  an  Inner  diameter  of  6.00  Inch  and 
an  outer  diameter  of  7.00  Inch.  The  exposed  top  of  the  tube  and 
the  edge  of  the  disc  were  then  fused  together  by  means  of  Inert- 
gas  are  welding.  This  type  of  bond  did  not  prove  strung  enough 
to  withstand  the  deformation  of  the  disc  under  pressure.  Also, 
since  the  disc  was  rather  small.  It  could  be  forced  Into  the  tube 
at  low  pressures.  See  Figure  11*3. 

In  the  seoond  method,  a  disc  of  diameter  7.790  Inch  was 
placed  symmetrically  on  a  similar  tube.  The  two  were  fused  to¬ 
gether  by  welding  completely  around  the  oomsnn  Joint  of  the  tube 
and  the  disc.  This  type  of  joint  was  strong  enough  to  hold  any 
disc  cospletely  at  pressures  up  to  3000  pal.  See  Figure  11-4. 

The  second  method  Is  probably  superior  to  the  first  because 
the  leverage  exerted  on  the  Joint  by  the  deforming  disc  is  less 
using  the  second  method.  It  was  found  that  the  behavior  of  tho 
welded  discs  was  the  same  as  that  of  the  clawed  discs  provided 
that  care  was  taken  to  prevent  the  disc  from  heating  up  during 
» elding. 

Since  at  least  one  practical  means  of  attaching  the  discs  to 
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the  tuba a  tor  actual  oceanographic  work  had  now  beam  assured, 
tha  daalgn  and  un  of  an  lnetnuaant  to  atudy  the  bahavior  of  the 
diaoa  In  detail  became  of  prime  importance  to  the  project.  The 
work:  done  to  this  end  la  described  fully  in  the  next  three  chap¬ 


ter* 
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Figure  1 1-1.  Effect  of  the  direction  of  rolling  on  the 

rupture  pattern  when  rupture  pressure  cannot 
be  maintained. 
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111.  DESIGN  OF  A  TEST  INSTRUMENT 

Wh»n  it  was  realized  that  the  szpcriasntal  approach  to  tu« 

study  of  rupture  discs  had  to  be  lap roved,  the  requirements  were 
quite  dear  fro*  the  work  that  had  just  been  ooqpleted.  The  ex¬ 
periments  required  a  smoothly  increasing  pressure  and  a  oontlnuouB 
positive  clasping  of  any  disc  being  tested.  An  additional  require¬ 
ment  became  of  great  Importance,  however.  Sinoe  it  was  planned 
to  use  these  discs  on  neutrally-buoyant  floats,  their  deformation 
under  pressure  at  all  tinea  prior  to  rupturing  should  be  known 
accurately  in  order  to  predict  the  effect  of  this  deformation  on 
the  relative  buoyancy  of  the  float.  Thus  eons  means  of  accurately 
measuring  the  ah ape  of  the  disc  had  to  be  devised. 

f  jam  effort  was  dedicated  to  designing  an  improved  pressure 
system  for  the  pressure  tank  at  the  Woods  Hole  Oceanographic 
Institution.  Sines  the  only  ney  a  disc  inside  the  tank  could  be 
monitored  waa  by  means  of  four  electric  leads  into  the  tank,  it 
seemed  that  this  approach  would  certainly  become  a  time  consuming 
adventure  in  electronic  telemetry.  It  was  therefore  thought 
advantageous  to  Invert  this  approach;  rather  than  to  subject  the 
disc  to  a  high  pressure  environment  end  deform  it  into  the  tube, 
one  oould  build  up  the  pressure  inside  the  tube  and  deform  the  disc 
outwards  into  a  one  atmosphere  «nvironeent.  With  the  latter  approach, 
the  instrument  oould  alt  on  a  laboratory  bench  and  the  disc  could 
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be  monitored  visually  at  nil  times,  and  Its  deformation  measured 
by  naans  of  micrometer  dial  gauges.  with  this  new  approach  a 
smcot Si  pressure  uwJUu~up  uwi  be  assured  quite  amply  by  using  a 
nanual  hydraulic  puap  sud'  an  la  cotrjuercially  available »  Sines 
the  SOFAR  Channel  Is  no  vhsre  deeper  than  6600  feet,,  which  cor¬ 
responds  to  3000  pal,  all  that  Is  required  Is  a  pump  capable  of 
creating  5000  to  10000  psi.  The  problem  of  continuous  clasping 
had  yst  to  be  solvedi  however,  while  a  new  pro blew  was  Introduced 
by  this  new  Method* 

It  was  seen  that  the  instrument  shown  in  Figure  I 1-2  would  be 
forced  together  at  its  aeone  whan  under  pressure  from  the  outside 
and  so  automatically  tend  to  seal  ltaslf.  If  suoh  an  instrument 
Is  undar  pressure  from  the  inside,  however,  it  will  be  forced  to 
cone  apart  at  ito  a earns  and  thus  be  highly  susceptible  to  leaking. 
After  aoee  thought,  an  engineering  approach  was  evolved  which.  If 
successful ,  should  solve  both  tbs  leaking  and  the  clamping  problems. 

Consider  again  Figure  11-2.  Under  pressure  from  the  inside 
the  tube  will  expand  radially*  The  bolts,  subjected  to  stresses 
crested  by  the  outward  pressure  on  the  bottom,  and  on  the  disc- 
and-collar  assembly,  will  stretch*  This  elongation  would  allov 
tho  disc  to  lift  off  thf  tube  so  that  leaking  would  occur.  It  is 
known  that  if  all  expansions  remain  within  the  elastic  Unite  or. 
the  materials  used,  lUch  expansions  are  linear  functions  of  the 
applied  stresses.  Imagine  that  the  dimensions  of  the  tube  ard 
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bolt*,  and  the  number  of  bolta,  ar«  chosen  ao  that  the  radial  ex¬ 
pansion  of  the  tube  and  the  lengthwise  stretching  of  the  bolta, 

■MV  +2  wis  urSriuu  csrdss*  sf  * x^c»  -hit  c^itsidc  c£  the  **£++«*• 
of  the  tube  be  beveled  at  some  angle  and  rost  In  a  groove  In  the 
bottou  plate*  hot  the  autsidQ  wall  of  the  groove  be  beveled  at 
the  same  angle.  Any  radial  expansion  of  the  tube  will  force  the 
tube  to  ride  up  on  this  beleled  surface  and  move  upward  relative 
to  the  bottom  plate*  If  the  angle  Is  ohossn  correctly ,  this  amount 
of  upward  motion  will  exactly  cosqpensate  for  the  stretching  of 
the  bolts. 

This  action  should  guard  against  leaking  provided,  of  course, 
that  the  two  joints  are  properly  fitted  with  O-rings.  Furthermore, 

If  the  angle  Is  a  little  steeper  than  It  needs  to  be,  continuous 
clamping  action  between  the  tub*  and  the  collar  to  hold  the  disc 
should  be  assured*  Tbs  angle  of  the  bevel  cannot  be  made  ao  steep 
as  to  be  nearly  parallel  to  the  side  of  the  tube,  for  In  that  case 
rather  than  riding  up  In  the  beveled  groove  of  the  attest  plate, 
the  tube  might  bind  against  the  steep  aide  of  ' 

The  Instrument  and  Ita  associated  device  Figures 

III-l  through  111-9.  Since  the  Instrument  le  axliywirlc, 

Figure  1X1-1  suffices  to  show  In  exploded  view  ^senhly  of  the 


•  See  Appendix  B  for  the  calculations  necessary  to  assure  a  cuf- 
flclent  safety  factor  In  the  overall  design  of  tha  instrument, 
end  to  ascertain  that  the  expansion  of  the  tubs  and  bolta  ara 
of  tbs  same  order  of  magnitude. 
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uv«nl  parts  which  ar  >  shown  in  full  detail  in  Figures  111-2 
through  11X-6. 

The  bottom  plate  (asa  Figure  111-2)  is  made  of  mt-rolled 
>t eel  plate,  two  inches  thick  with  a  diameter  of  12.129  Inches. 

The  hole  in  the  center  feeds  hydraulic  fluid  into  the  chamber  of 
the  tube.  The  large  hole,  two  inches  frost  the  center,  holds  a 
stopcock  for  draining  the  hydraulic  fluid.  The  beveled  groove 
three  inches  from  the  center  accepts  the  tube.  The  fifteen  holer 
at  4.629  Inches  from  the  center  are  tapped  for  3/4-16  threaded  tie 
rods  which  era  used  to  hold  the  disc  and  collar  firmly  on  the  tube. 
The  six  a/8-16  holes  at  5.750  inches  from  the  center  hold  six  rods 
that  support  an  aluminum  table  (see  Figure  111-9)  4  Inches  above 
the  disc  and  collar.  The  table  baa  holes  in  it  through  which  probes 
may  be  lowered  to  rest  on  the  disc.  The  deflection  of  the  disc  can 
then  be  measured  by  means  of  a  micrometer  dial  gauge  which  moves 
freely  on  the  aluminum  table  (see  Figure  111-7).  The  three  1/2-20 
holes  in  the  bottom  of  the  plate  accept  three  holts  by  which  the 
whole  instrument  is  supported  end  leveled. 

The  tube  (see  Figure  111-3)  Is  extruded  from  hot-rolled  steel . 

It  mu  machined  to  be  perfectly  round  and  uniform  from  a  piece 
S-l/4  inch  long,  with  a  nominal  inner  diameter  of  6  inches  and  a 
nominal  outer  diameter  of  6  inches.  The  di sessions  of  the  0-rlng 
grooves  are  specified  by  the  manufacturer. 

The  seller  (see  Figure  XII-4)  is  machined  of  e  hot-rolMt 
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steel  plate,  2  inches  thick  with  &  diameter  of  11  inches.  The 
great  thickness  Is  required  to  equalize  the  pressure  of  the  15 
Individual  bolts  on  the  disc  and  tube.  The  holes  for  the  bolts 
•re  Made  large  for  a  loose  fit  to  facilitate  place— nt  of  the 
collar.  Note  that  the  lower  part  of  the  collar  which  slides  over 
the  tube  Is  of  sufficient  diameter  to  allow  for  radial  expansion 
of  the  tube. 

Figure  Ill-fl  shows  In  detail  the  rods  and  support  rods  requlrad 
to  complete  the  pressure  vessel.  Figure  111-7  shows  the  lnstruaunt 
completely  assembled  and  In  use.  The  five  probes  used  to  measure, 
the  disc  are  all  Q.COO  incheee  long.  The  probe  used  to  monitor  the 
upward  travel  of  the  collar  relative  to  the  table  and  bottom  plate 
Is  5.000  inchss  long.  Figure  II1-0  shows  the  manual  hydraulic  purr 
and  the  pressure  gauges  uasd.  The  pump  is  a  Black  Hawk  P-30  with 
a  reservoir  of  30  cubic  Inches  and  a  pressure  capability  of  10000 
pal.  The  0  to  5000  pel  Aeoo  gauge  Is  accurate  within  25  pel  which 
Is  also  —  do—  —  It  say  he  read  with  confidence.  The  gauge  *— 
calibrated  to  read  3000  when  subjected  to  a  static  pressure  of 
2000  pel.  The  0  to  300  pal  Marsh  gauge  la  accurate  to  2  pal  but 
cannot  be  read  any  better  than  Shi/ 2  pal.  It  was  calibrated  to 
road  100  whan  subjected  to  a  static  pressure  of  100  pal.  Tbs 
Marsh  gauge  was  used  to  cowpensate  for  the  unsatisfactory  reading 


*  Certain  critical  dimensions  specified  to  three  decimal'  place a 
are  assumed  to  ha  accurate  within  0.001  inch. 


of  the  Acco  gauge  below  150  pel.  It  Is  protected  from  pres¬ 
sures  over  200  psl  by  a  high  pressure  valvo.  Figure  III-9  shows 
a  top  view  ax  the  instrument  after  rnonl  ox  the  aluminum  table 
and  collar. 

After  the  several  parts  of  the  instrument  had  been  aachiret! 
they  were  assembled.  Next  the  instrument  was  leveled  in  order 
to  make  the  top  of  the  tube  perfectly  horlxoratal.  This  was  nec¬ 
essary  so  that  the  amount  of  air  trapped  between  the  disc  and  the 
hydraulic  fluid  in  the  tube  would  be  minimised.  The  two  beveled 
surfaces  and  the  lower  0-ring  were  lubricated  with  silicon  grease 
(Dow  Corning  stopcock  lubricant). 

When  the  instrument  was  first  assembled,  an  aluminum  disc 
with  a  diameter  of  7.000  lnehes  and  a  thickness  of  0.2SC  inch 
was  used  to  test  all  components.  For  this  test  only  the  deflec¬ 
tion  in  the  middle  of  the  disc  was  monitored.  The  pressure  was 
slowly  increased  to  3000  pel.  When  this  pressure  had  been  reached, 
the  center  deflection  was  0.740  inch.  The  instrument  wee  left  for 
half  an  hour  to  allow  for  oreepage  of  the  disc.  At  the  end  of  this 
period,  deflection  was  0.752  inch  and  the  pressure  bad  dropped  to 
2775  pel.  Again  the  pressure  was  brought  to  3000  psl.  No  notice- 
abls  change  in  the  center  deflection  was  observed.  After  two  hours, 
the  disc  had  come  to  equilibrium,  with  a  canter  deflection  of  0.7P3 
inch  and  a  pressure  slightly  bslow  3000  psi.  The  pressure  was 
again  carefully  increased  to  read  exactly  3000  pel.  Since 
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absolutely  no  change  in  tha  cantar  deflection  was  observed,  the 
apparatus  was  left  under  pressure  for  24  hours.  During  thin  period 

ma  HI  sanwisM  m  nhswwo  ltd  *4  fh*t>  HaiPIamHpm  aj*  nw*aaiiii|>A  CCCliriTS'.'  . 

This  test  was  repeated  twice  sore  with  similar  discs.  Since 
the  saw#  pattern  of  behavior  occurred  each  tine,  it  was  clear  tha  - 
the  instrument  did  not  leak  significantly.  Examination  of  the 
edges  of  the  discs  also  showed  that  the  clasping  action  of  tha 
tube  and  collar  was  quite  sufficient  at  all  tinea  during  any  test. 

During  the  construction  of  ths  test  instrument,  the  literature 
was  searched  to  discover  if  any  test  similar  to  those  about  to 
be  Made  had  ever  been  conducted.  The  next  chapter  deals  wore 
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fully  with  this  aspect  of  the  work* 
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Figure  1 1 1-8.  The  manual  hydraulic  pump  (Black  Hawk  P39). 

The  Acco  gage  Is  on  the  left,  the  Harsh  gage 
|  Is  on  the  right. 
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IV.  THEORETICAL  CONS I DERATIONS 

Th •  purely  theoretical  investigation  of  the  deformation  of 
metals  undar  stress  is  still  mainly  a  study  in  mathematical 
modeling  and  has  only  the  basic  concepts  in  common  with  the 
engineering  approach  to  the  problem.  Thus  while  the  work  of  such 
mathematicians  as  Sir  A.  E.  H.  Love  (1944)  is  of  great  interest, 
the  more  pertinent  Information  for  the  purposes  of  this  report  is 
found  In  the  experimental  studies  conducted  on  the  behavior  of 
metal  plates  under  pressure.  All  such  engineering  studies  are 
concerned  with  the  deformation  of  plates  to  an  extent  well  short 
of  creating  permanent  undesirable  after  effects.  Thus  all  in¬ 
formation  that  is  found  In  the  literature  concerns  behavior  within 
the  limit  of  elasticity  of  the  metal. 

Since  the  purpose  of  this  project  Is  to  study  the  behavior  of 
a  specific  material  well  beyond  its  elastic  Halt,  most  previous 
Information  has  little  bearing  on  this  work.  If  one  also  keeps 
In  mind  that  for  this  project  each  plate  is  deliberately  weakened 
be  scoring  It,  one  realises  that  this  Investigation  Is  quite  far 
removed  from  all  other  deformation  studies. 

The  two  important  parameters  which  distinguish  this  series  of 

experiments  from  all  others  performed  on  circular  discs  of  similar 

dimension  are  the  thickness  of  the  disc  (h),  and  the  ratio  of  the 

deflection  at  the  center  of  the  disc  (w  )  to  the  thickness  of  the 
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the  behavior  of  disc*  cut  fro*  materials  usually  employed  for  con¬ 
struction  and  engineering  purposes.  While  the  thickness  of  these 
metals  usually  ranges  from  .009  inch  to  .030  inch,  this  study  deals 
with  discs  cut  from  aluminum  sheets  that  are  .160  inch  thick.  Where¬ 
as,  for  most  metals  that  are  deformed  within  the  limits  of  elas¬ 
ticity,  the  ratio  w^/h  is  lees  than  1,  in  the  experiments  presented 
here  this  ratio  is  consistently  greater  than  1  for  the  values  oi 
pressure  of  interest.  Indeed,  for  most  discs  this  ratio  becomes 
as  great  as  8  or  6.  The  significance  of  the  ratio  w^/h  is  due  to 
the  fact  that  we  are  dealing  with  rigidly  clamped  circular  plates. 

When  a  rigidly  clamped  circular  plate  Is  subjected  to  a  moderate 
normal  pressure  distributed  evenly  over  the  plate,  resulting  in  a. 
deformation  such  that  w^/h  <  1,  the  deflections  observed  in  the 
plate  are  caused  by  local  beading  moments.  That  is,  each  individual 
section  of  the  plate  behaves  am  if  it  mere  supported  freely  at 
its  ends  end  deformed  by  a  deflecting  force  applied  locally  near 
its  geometrical  center.  Under  these  conditions  the  plate  is  known 
as  a  Klrchhoff  plats  (Nadai,  1925).  Assuming  a  plate  of  uniform 
cross  section,  its  profile  will  be  symmetrical  under  uniform  pres¬ 
sure  and  may  be  described  by  relating  the  deflection  w  et  a  distance 
r  from  the  center  of  a  disc  of  radius  a  to  the  deflection  wQ  at 
the  center: 


.  wkt/!***m*»  ’V-t- 


38 


2 


U) 


The  behavior  of  a  Klrohhoff  plate  la  character lead  by  the 
abHOce  of  slgnif leant  longitudinal  stresses  In  the  disc,  and  a 
zero  elope  at  the  clasped  edge  of  the  disc.  For  fro*  (1) 


dw  ^ 
dr 
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which  vanishes  at  r  =  a. 

As  the  normal,  evenly  distributed  pressure  ceases  to  be 
moderate  sod  he coses  great  or  excessive,  the  resulting  deformation 
Is  characterised  by  w^/h  >  1.  Now  the  longitudinal  stresses  created 
in  the  plats,  due  to  tbs  stretching  of  the  Material  as  It  dsforns 
between  elated  edges,  bsooss  of  far  greater  Importance  than  local 
bending  sonants.  For  thin  plates,  the  yielding  caused  by  stretching 
will  quickly  spread  over  the  entire  plats,  which  will  then  tend  to 
go  Into  a  spherical  equilibrium  surface  like  a  membrane  under  con¬ 
stant  tension.  The  shape  of  the  deflection  profile  Is  given  by 


In  this  study,  however,  we  are  dealing  with  relatively  thick 
plates.  Since  greater  strains  occur  when  a  thick  plots  is  bent 
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•harply  than  when  a  thin  plate  ie  bent  sharply,  the  yielding  in 
a  thick  plate  will  tend  tc  be  localized  at  the  edge  of  a  plate, 
due  to  the  sharp  change  in  elope  at  the  clamped  edge.  The  shape 
of  the  deflection  profile  will  approach  that  of  a  plate  with 
freely  supported  edges  (Nadai,  1025): 

2  4 

-  =  1  -  1.245  --  +  0.245  --  (3) 

w  2  4 

o  a  a 

The  relation  between  center  deflection  and  pressure  for  an 
elastic  plate  of  medium  thickness  with  rigidly  clamped  edges  has 
been  investigated  by  approximate  methods  by  a  number  of  authors. 
Nadai  (1025)  derived  the  relation 

-2  +  0.583  <-2)  s  lE  (S)4  (i  -  u3)  (4) 

h  h  lo  E  h 

by  solving  the  differential  equation  for  a  plate  with  large  deflec¬ 
tion  (wo/h  >  1)  subjected  to  a  nearly  uniform  pressure  distribution - 
In  this  and  the  following  equations  the  symbols  have  the  following 
meanings: 

=  center  deflection  (Inches) 
o 

h  =  thickness  of  disc  (inches) 
p  =  pressure  (psi) 

E  =  Young's  modulus  (psi) 

u  *  Poisson's  ratio 

a  -  radius  of  the  disc  (inches) 


on  the  basis  of  an  assumed  radial  displacement  combined  with  energy 
considerations.  Fedsrhofsr  (1936)  obtained 


!s  +  liS-T-iHiii-Uii  <V  =  JL  E  <S)«q  .  u*> 
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from  the  differential  equation  of  the  problem  together  with  a  suit¬ 
able  assumption  for  the  radial  distribution  of  membrane  tension. 

The  material  used  in  the  experiments  to  be  deacrlbed  was 
tempered  aluminum  of  type  24  ST  3.  For  this  material,  Young's 
modulus  (E)  la  lO.S  x  10®  pel  and  Poisson's  ratio  <u)  is  0.33. 

With  these  numbers  the  value  of  the  coefficient  of  the  term  (wQ/h)‘ 
In  equation  (6)  is  0.933,  which  is  midway  between  the  corresponding 
values  in  equations  (4)  and  (9). 

While  the  three  equations  predict  the  same  central  deflection 
of  a  disc  as  a  function  of  pressure,  differing  only  for  values  of 
(w^h)  significantly  greater  then  1,  it  was  decided  to  plot  the 
curve  yielded  by  Madai's  equation  (4)  since  in  his  work  he  set  out 
specifically  to  study  plates  with  center  deflection  greater  than 
the  thickness  of  the  plate.  Using  equation  (3),  the  deflections 
at  a  distance  of  1  inch  and  at  a  distance  of  2  Inches  from  the 
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canter  are  also  calculated.  It  la  of  interest  to  compare  these 
curves  with  those  obtained  by  Measuring  the  behavior  of  a  thick 
disc  without  grooves  which  is  subjected  to  normal  pressures  in 
the  Instrument  described  in  Chapter  III.  See  Figures  V-la  and 
V-lb. 

1 

The  reader  can  see  from  the  above  figures  that  the  theoreti¬ 
cally  predicted  behavior  and  the  actual  behavior  of  the  disc  as 
it  responds  to  increasing  pressure  are  quite  similar.  It  is 
obvious,  however,  that  the  magnitude  of  the  deflections  predicted 
by  the  formula  are  too  small  by  a  factor  of  3.  This  is  without 
doubt  due  to  the  fact  that  the  principles  behind  the  equation  used 
for  the  comparison  are  violated  in  a  number  of  ways.  First,  the 
disc  was  stressed  far  beyond  its  limit  of  elasticity  causing  the 
ratio  w^/h  to  be  unusually  large.  Secondly,  the  dlac  was  far 
thicker  than  any  that  are  usually  considered.  In  the  case  of  the 
grooved  discs,  the  grooves  represent  a  third  end  no  doubt  the  most 
flagrant  violation  of  the  assumptions  on  which  the  theoretical 


formulas  are  based 
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V.  EXPERIMENTS  AND  RESULTS 

A.  Preliminaries 

Before  going  into  a  detailed  discussion  of  the  experiments 
and  their  results,  an  explanation  of  the  technical  aspects  of 
obtaining  data  with  the  instrument  described  in  Chapter  III  Is 
in  order.  When  the  bottom  plate  has  been  assembled  and  the  tube 
set  into  it,  the  Instrument  must  be  made  perfectly  level.  Then 
hydraulic  fluid  can  be  poured  into  the  tube  until  it  reaches  the 
top  edge  of  the  tube  uniformly  around  the  circumference.  This 
minimizes  the  volume  of  air  that  la  trapped  between  the  fluid  and 
the  diac  to  ba  tested.  Although  the  amount  of  air  confined  under 
the  diac  la  of  no  concern  regarding  the  behavior  of  the  disc  under 
pressure,  the  amount  of  potential  energy  stored  in  the  compressed 
air  and  released  upon  rupture  of  the  diac  increases  in  direct  pro¬ 
portion  to  the  amount  of  air  trapped.  Since  the  release  of  this 
energy  manifests  Itself  through  loud  explosive  noises  and  the  for¬ 
cible  ejection  of  a  large  amount  of  hydraulic  fluid  through  the 
rupture,  it  is  desirable  to  minimise  the  amount  of  air  confined 
under  the  disc. 

Another  reason  for  leveling  the  top  of  the  tube  before  each 
experiment  Is  to  avoid  the  systematic  error  that  would  be  intro¬ 
duced  into  the  readings  of  the  dial  gauge  if  the  aluminum  gauge 
table  and  the  disc  ware  not  parallel  to  sacb  other.  By  making 
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both  the  top  of  the  tub*  and  the  gauge  table  level,  the  disc  and 
the  table  will  be  parallel  with  a  deviation  of  less  than  0.001 
inch  over  the  width  of  a  disc. 

For  this  set  of  experiments  the  aluminum  table  was  equipped 
with  probe  holes  _-o  that  the  deflection  of  a  disc  could  be  measured 
at  its  canter  and  at  distances  of  1/2,  1,  I-1/2,  2  and  2-l/2  Inches 
from  the  center  at  angular  intervals  of  48°  about  its  circumference 
(see  Figure  1X1-8).  If  it  were  found  during  the  experiments  that 
the  behavior  of  some  or  all  discs  was  so  lrrsgular  that  more  probe 
holes  were  necessary,  they  could  be  added  as  required'  Since  It  is 
of  Interest  to  measure  the  deflection  along  a  grooved  radius,  and 
also  along  a  radius  between  grooves,  the  discs  have  to  be  placed 
on  the  tube  so  that  the  two  mutually  perpendicular  grooves  fall 
precisely  below  two  mutually  perpendicular  lines  of  probe  holes. 

If  all  holes  in  the  table  corresponding  to  locations  on  the 
dleo  that  needed  to  be  monitored  were  equipped  with  probes,  it 
would  be  Impossible  to  set  the  dial  gauge  and  its  support  upon 
the  table  to  take  the  measurements.  Therefore  only  five  probes 
were  used  and  as  soon  as  the  center  deflection  for  a  given  pres¬ 
sure  had  been  measured  each  radius  of  five  probe  holes  wee  measured 
in  turn.  The  probes  were  moved  as  necessary. 

To  be  sure  that  tlis  same  location  is  monitored  each  time, 
each  disc  must  be  marked  to  show  the  location  for  the  probeB  at 
the  correct  angular  Intervals  and  distances  from  the  center  before 
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It  is  placed  on  the  tube.  By  doing  this  a  probe  can  be  removed 
and  placed  repeatedly,  deviating  from  the  required  location  by 
no  more  than  l/64th  inch  In  any  direction. 

When  the  disc  la  marked  it  is  placed  on  the  tube  with  the 
grooves  facing  out.  This  la  done  to  simulate  the  attachment  of 
a  disc  to  a  neutrally  buoyant  float  where  the  grooves  face  into 
the  float  to  protect  he  grooved  surface  from  the  environment. 

The  collar  is  then  positioned  over  the  bolts  and  lowered  onto 
disc.  Bach  belt  Is  then  fitted  with  a  flat  washer  and  a  nut.  To 
taka  up  the  initial  slack  provided  by  the  two  O-rings,  all  nuts 
are  tightened  '  -u^antially  to  29  ft-lbs  of  vorque.  To  prevent  an 
increase  of  pressure  due  to  the  compression  caused  by  tightening 
the  nuts,  the  stop  cock  in  the  bottom  plate  is  -pened  to  allov- 
hydraullc  fluid  to  escape  while  the  nuts  are  being  tightened.  The 
aluminum  table  Is  then  placed  on  Its  six  supporting  rods.  It  Is 
leveled  by  means  of  any  three  rods  located  at  120°  Intervals.  When 
level,  the  table  Is  secured  by  tightening  tht  nuts  on  these  three 
rods.  The  other  three  rods  are  then  adjusted  to  provide  additional 
support  for  the  table  and  also  secured  by  tightening  their  nuts. 

When  analyzing  the  data  obtained  from  the  experiments,  It  is 
assumed  that  all  discs  are  lnit:  i-lly  perfectly  flat.  In  practice 
this  Is  never  true  and  it  is  therefore  necessary  to  measure  the 
profile  of  the  disc  before  pressure  is  applied  to  it.  When  the 
pressure  in  the  system  increases,  the  tube  and  collar  move  up 
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relative  to  the  table.  Tliia  motion  would  introduce  an  error  in 
the  reading*  if  it  were  not  monitored.  The  convention  established 
for  all  experiments  was  to  adjust  the  dial  gauge  to  read  "zero" 
at  zero  pressure  when  placed  on  the  probe  that  monitors  the  collar, 
i'hls  probe  has  a  length  of  5.000  Inches  and  is  left  in  place  throug.u- 
out  the  experiment.  Since  the  difference  in  height  between  the 
top  of  the  collar  and  the  upper  surface  of  the  disc  la  1.000  inch, 
and  the  probes  used  to  measure  the  disc  are  6.000  Inches  long,  the 
initial  profiles  usually  shew  a  deviation  from  flatness  ranging 
between  plus  and  minus  0.010  inch.  Thus  any  measurement  at  a  given 
location  for  a  given  pressure  has  to  be  corrected  by  subtracting 
from  it  the  reading  on  the  collar  at  that  pressure  and  the  initial 
deviation  from  flatness  for  that  location. 

When  a  piece  of  metal  is  subjected  to  a  deforming  stress  oi 
constant  magnitude  the  rate  of  deformation  will  decrease  as  the 
piece  approaches  the  state  of  equilibrium  appropriate  to  the  applied 
stress.  This  phenomenon  is  known  &s  creeping.  Due  to  the  creeping 
of  metals  there  is  j  Ustinct  difference  in  method,  if  not  resultc, 
between  subjecting  a  disc  to  a  continuously  and  rapidly  increasing 
pressure  and  subjecting  such  a  disc  to  a  discretely  and  slowly 
increasing  pressure.  It  is  this  latter  method  that  had  to  be  em¬ 
ployed  in  the  experiment  due  to  the  nature  of  the  instrument.  For¬ 
tunately  this  latter  method  is  a  good  repressnta.ion  of  the  pressure 
function  to  which  a  disc  is  exposed  when  attached  to  a  float  sinking 
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in  the  ocean. 

When  a  float  adjusted  to  be  neutrally  buoyant  at  some  depth  is 
set  overboard  it  may  take  as  long  as  eight  hours  to  reach  Jts 
floating  depth.  Thus  although  the  pressure  Increases  continuously  s 
It  does  so  very  slowly  allowing  enough  time  for  creeping*  While 
it  would  be  ideal  to  subject  the  discs  to  a  slowly  increasing  con¬ 
tinuous  pressure  function,  a  slowly  increasing  discrete  pressure 
function  should  yield  satisfactory  results.  With  this  in  mind, 
the  pressure  on  any  disc  in  the  instrument  has  to  be  increased 
slowly,  and  before  any  measurements  at  a  given  pressure  can  be 
made,  sufficient  time  has  to  be  allowed  for  creeping  to  be  completed. 
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B.  The  Experimental  Program 

as  was  pointed  out  previously,  the  purpose  or  the  experiments 
was  to  find  whether  any  consistent  and  predictable  relation  exists 
between  groove  depth  and  rupture  pressure,  and  to  study  the  defor¬ 
mation  and  behavior  of  the  discs  before  rupturing.  For  this  pur¬ 
pose,  about  00  discs  were  out,  each  disc  having  a  diameter  of 
7-3/4  inch  and  a  nominal  thickness  of  0.160  inch.  The  true  thick¬ 
ness  varied  locally  in  each  disc  between  0.108  and  0.162  inch. 

The  discs  were  divided  into  groups  of  3  to  6  discs  each*  All  discs 
in  a  given  group  were  scored  with  two  mutually  perpendicular  grooves 
of  a  given  depth,  each  6.00  inches  long,  and  bisecting  each  other 
in  the  center  of  the  disc.  The  depth  of  the  grooves  ranged  from 
0.012  to  0.0S0  inch.  The  choice  of  these  depths  is  based  on  the 
preliminary  experiments  described  in  Chapter  II.  The  tool  used 
was  again  a  standard  60°  V-cutter. 

Theoretically,  &  flat  disc  with  uniform  thickness  throughout 
will  dsform  with  axial  symmetry  when  subjected  to  normal  pressures 
This  mas  observed  to  be  true  when  testing  the  Instrument  and  when 
SMasuring  the  deformation  of  the  disc  without  grooves,  but  there 
is  no  reason  to  assume  a  priori  that  a  disc  with  grooves  will  also 
dsform  with  axial  symautry.  Thus  it  will  be  of  Interest  to  observe 
the  differences  In  the  deflaotlona  measured  along  a  groove  and  be¬ 
tween  grooves.  Furthermore,  sine*  the  material  used  Is  rolled 
aluminum  of  type  24&T3  and  has  a  definite  grain  running  the  length 
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of  the  rolled  sheet  as  was  discussed  in  Chapter  11,  it  will  also 
be  Interesting  to  see  whether  or  not  the  grain  causes  any  marked 
differences  between  the  measurements  obtained  on  the  different 
parts  of  the  disc. 

During  the  preliminary  experiments  at  Woods  Hole  it  was  ob¬ 
served  that  actual  rupture  is  a  very  fast  process.  Since  rupture 
occurs  when  the  longitudinal  stress  created  in  the  material  by 
deformation  becomes  too  severe  to  be  withstood  by  the  thin  portion 
of  the  disc  under  the  groove,  the  process  of  rupture  probably  con¬ 
sists  of  two  phases.  First,  as  tearing  due  to  excessive  stress  com¬ 
mences,  thers  will  be  a  fairly  rapid  additional  deforming  of  the 
disc.  This  will  continue  for  only  a  short  time,  however,  for  xhe 
next  phase,  failure  will  follow  lmmedistely .  Since  this  is  a  con¬ 
tinuous  and  rapid  process,  it  is  doubtful  that  one  will  be  able  to 
observe  it  with  the  instrument  of  Chapter  HI.  High  speed  photo¬ 
graphic  techniques  would  be  better  for  observing  actual  rupture. 

As  can  be  Been  in  Figure  V-l,  the  deformation  of  a  disc,  even 
without  grooves,  is  quite  considerable.  If  such  a  diso  were  placed 
on  a  neutrally-buoyant  float  its  contribution  to  the  change  in  the 
volume  of  the  float  as  it  sinks  might  be  so  large  as  to  destroy  the 
neutral  buoyancy  of  the  float.  It  was  observed  from  the  experiment 
performed  on  the  disc  without  grooves  that,  after  the  disc  had  boon 
subjected  to  a  pressure  of  2400  psi  with  a  center  deflection  of 
0.808  inch  and  then  removed  from  ths  instrument,  it  retained  its 
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shape  with  a  can tar  daf lection  of  0.747  inch.  The  question  was 
raised  whether  a  grooved  disc  of  known  rupture  pressure  that  had 
been  preformed  at  a  pressure  Just  below  Its  rupture  pressure  would, 
when  placed  in  the  instrument  again,  rupture  at  a  pressure  and 
with  a  center  deflection  equivalent  to  those  of  a  similar  disc 
that  had  not  been  preformed.  If  this  were  the  case  it  would  be 
a  simple  matter  to  preform  discs  for  oceanographic  purposes  and 
thus  greatly  decrease  the  effect  of  the  volume  change  of  the  disc 
on  the  buoyancy  of  the  float. 

With  the  consideration  In  mind  the  experimental  program  was 
divided  into  two  distinct  parts.  The  first  concerns  those  discs 
that  ware  deformed  and  ruptured  directly,  while  the  second  part 
concerns  those  discs  that  were  preformed  before  rupturing.  The 
pertinent  data  regarding  the  first  set  are  collected  in  Table  V-l, 
while  the  data  for  the  preformed  discs  are  collected  in  Table  V-2. 
In  both  tables  the  numbers  in  the  first  column  are  merely  means 
for  idsntifylng  the  discs,  while  the  second  column  shows  the  groove 
depth  for  each  disc. 

In  Table  V-l  the  third  column  shown  the  pressure  at  which  each 
disc  ruptured.  Note  that  the  rupture  pressure  is  always  given  in 
whole  multiples  of  29  pel ,  this  being  the  limit  of  the  aocuraoy  cu’ 
the  pressure  gauge.  The  fourth  column  shows  the  average  rupture 
pressure  for  a  net  of  discs  with  equal  groove  depth.  The  high  and 
low  deviation  limits  ars  also  shown.  The  fifth  column  shows  the 
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maximum  percentage  deviation  of  the  rupture  preseuroB  for  a  given 
group  of  discs  to  facilitate  comparison  between  groups  of  discs. 

Tut;  sixth  column  shows  tor  each  disc  the  average  rate  of  deflection 
of  the  center  in  thousandths  of  an  inch  per  pel  of  supplied  normal 
pressure.  This  ratio  is  a  measure  of  the  relative  amount  of  longi¬ 
tudinal  strain  to  which  a  disc  is  subjected  before  rupturing.  The 
next  column  shows  the  average  of  this  ratio  for  each  group  of  discs. 
The  eighth  column  shore  the  average  center  deflection  of  each  group 
of  discs  at  rupture.  The  last  column  identifies  those  individual 
discs  whose  behavior  before  rupture  is  shown  graphically. 

In  Table  V-2  the  third  and  fourth  coluana  show  respectively  the 
pressure  at  which  a  disc  was  prsformsd  and  ths  length  of  the  forming 
time.  The  fifth  and  sixth  columns  show  ths  deflection  at  the  center 
during  forming  and  after  removal  from  the  instrument.  Thus  the  data 
in  the  sixth  coluan  are  a  measure  of  the  permanent  set  of  each  disc. 
The  seventh  column  shows  the  amount  of  time  that  elapsed  before  the 
preformed  disc  was  placed  in  the  instrument  to  be  ruptured.  The  iwtxt 
two  columns  show  respectively  the  rupture  pressure  for  on  individual 
disc  and  the  average  rupture  pressure  for  a  group  of  preformed  discs. 
Again,  the  high  and  low  deviations  sro  shown.  The  tenth  column  shows 
the  percentage  deviation  for  each  group  of  discs.  The  last  column 
identifies  those  individual  discs  whose  behavior  after  forming  and 
prior  to  rupturing  is  shown  graphically. 


Examination  of  Table  V-l  and  V-2  shows  that  there  exists  a 


definite  inverse  relationship  between  the  groove  depth  and  rupture 
pressure  for  both  types  of  disco.  This  inverse  relationship  l:i 
shown  graphically  in  Figure  V-2.  The  horizontal  axis  shows  the 
Inverse  of  groove  depth  in  thousandths  of  an  inch  multiplied  by 
160  to  yield  quantities  of  order  unity  on  that  axis. 

Both  seta  of  points  seem  to  form  a  straight  line  indicating 
that  the  inverse  relationship  is  exact.  Straight  lines  have  beer, 
drawn  through  both  sets  of  points  to  indicate  this.  Note  that  both 
lines  intersect  the  horizontal  axis  at  or  near  the  point  1.  This  is 
encouraging,  for  one  would  expect  that  a  disc  0.160  Inch  thick  with 
grooves  that  are  0.160  inch  deep  would  indeed  -upture  at  0  pal. 

The  two  straight  lines  have  nearly  tha  aaiae  elope,  as  can  be 
seen  by  examining  Figure  V-2.  Provided  that  the  deviations  of 
rupture  pressure  from  the  straight  line  curves  and  the  variation 
In  rupture  pressure  for  similar  discs  can  be  explained,  it  would 
appear  that  a  preformed  dlec  ruptures  at  the  same  pressure  as  a 
similar  disc  that  has  not  bean  preformed. 

Since  more  points  are  available  for  the  directly  ruptured  discs, 
the  curve  passing  through  those  points  is  assumed  to  be  the  more 
exact  of  tha  two.  Its  equation  is 

P  =  216  <i~2  -  i) 


where  P  le  the  rupture  pressure  in  psi  and  D  is  the  groove  depth  in 
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thousandths  of  an  inch.  Then, 


•« 

UJT  ^  gtn/uv 

55  ™  "  d2" 

Thus  for  a  nominal  groove  depth  of  0.090  inch  a  variation  in  the 
depth  of  the  groove  of  0.001  inch  will  cause  a  variation  in  rupturo 
pressure  of  14  psi.  When  the  uncertainty  of  the  pressure  gauge  le 
added  to  this,  the  minisum  expected  variation  in  rupture  pressure 
for  discs  with  grooves  that  are  0.050  Inches  deep  is  39  psi.  The 
same  reasoning  yields  an  expected  variation  in  rupture  pressure  for 
discs  with  grooves  that  are  0.012  inch  deep  of  265  psi. 

Whereas  the  accuracy  of  the  milling  machine  used  to  cut  the 
grooves  can  be  expected  to  be  within  0.001  inch,  the  author  feals 
that  the  variations  in  grot  vs  depth  causing  the  observed  scatter 
in  rupture  pressures  is  caused  mainly  by  the  local  varlatiors  in 
the  thickness  of  ths  discs.  For  when  the  V-cutter  is  used  to  oat 
a  groove  it  la  started  at  a  given  location  on  the  disc  where  the 
thickness  is  assumad  to  be  0.160  inch.  Due  to  the  local  variations 
in  thickness,  the  average  thickness  of  the  disc  can  easily  vary  by 
0.001  inch  over  the  length  of  the  groove.  When  this  error  is  added 
to  the  lnacouraoy  of  the  milling  machine  the  actual  depth  of  the 
groove  can  easily  vary  by  mors  than  0.001  inch  yielding  appreciable 
variations  in  rupture  pressure. 

Thus  it  is  clear  that  the  observed  scatter  in  rupture  pressures 
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is  to  be  expected*  It  raav  now  be  stated  that  both  fnr  riire^tiy 
ruptured  discs  and  for  preformed  discs,  the  rupture  pressure  P  in 
psi  is  a  function  of  groove  depth  0  in  thousandth?  of  an  inch  ns 
given  by  the  following  relation: 


P 


216 


-  1) 


If  the  reader  examines  Table  V-2  he  will  note  that  in  preformed 
discs  many  different  combinations  of  forming  time  and  aging  time 
were  used.  This  was  done  to  see  whether  some  consistent  relation 
exists  between  forming  time  and/or  aging  time  and  rupture  pressure. 
This  is  not  the  case,  as  was  to  be  expected.  For  once  a  disc  has 
been  plaoed  under  pressure  and  creeping  le  completed,  or  once  it  has 
been  removed  from  the  instrument,  it  is  in  static  equilibrium  with 
its  environment  sc  that  no  ohangss  in  its  character  should  appear. 

Figure  V-3  shows  that  ths  average  rate  of  deformation  of  a  dine 
is  proportional  to  the  depth  of  the  grooves  cut  in  the  disc.  The 
relation  is  not  linear,  which  is  to  be  expected.  As  the  groove 
depth  approaches  ths  thickness  of  tho  disc,  it  is  only  logiaal  tint 
the  rate  of  deformation  should  increase  rapidly,  approaching  in¬ 
finity  as  ths  thickness  of  ths  disc  bslow  ths  groove  approaches 
zero.  Similarly,  for  very  shallow  grooves  the  relative  thickness 
and  strength  of  the  disc  changes  much  slower  than  the  relative 
groove  depth,  yielding  a  slowly  changing  rate  of  deformation  as  a 
function  of  groove  depth  for  shallow  grooves.  The  main  purpose  c.f 
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Figure  V-3  Is  to  aid  In  calculating  the  center  deflection  of  a 
disc  at  rupture.  This  Is  done  ray  multiplying  the  average  rupture 
pressure  for  uiici  of  a  given  groove  depth  by  the  average  rate  of  , 
deformation  of  those  discs  as  obtained  from  Figure  V~3. 

The  data  in  Tables  V-l  and  V-2  were  obtained  from  detailed  mea¬ 
surements  on  approximately  60  discs.  Iho  data  pertaining  to  Borne 
of  these  discs  are  shown  graphically  In  Figures  V-4  through  V-ll. 

For  all  discs  readings  were  taken  along  both  grooved  diameters,  and 
along  both  diameters  at  45°  to  the  grooves.  After  the  first  few 
discs  were  deformed,  it  became  evident  that  all  discs,  independent 
of  the  grooves  or  the  depth  of  the  grooves,  would  deform  with  axial 
symmetry,  exactly  like  a  disc  without  grooves.  Although  the  magni¬ 
tude  of  the  deflections  did  vary  with  groove  depth,  the  manner  of 

\ 

deforming  did  not  differ  from  disc  to  disc.  For  a  given  group  of 
discs  with  equal  groove  depth  it  mas  found  that  the  magnitude  of  ho 
observed  deflections  never  varied  by  an  amount  greater  than  the  In¬ 
herent  Inaccuracy  of  the  system.  With  this  In  mind.  Figure  V-4  through 
V-ll  are  drawn  to  represent  a  cross-section  of  the  groove  depths 
tested  In  the  experiments.  Each  figure,  although  showing  the  data 
for  a  particular  disc,  may  be  regarded  as  rsprssentative  of  all  discs 
of  the  same  groove  depth. 

Each  individual  figure  consists  of  four  graphs.  Each  set  of  two 
graphs,  marksd  (a)  and  (b),  allows  the  reader  to  compare  the  behavior 
of  a  disc  along  a  groove  and  between  grooves.  The  two  directions  to 
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be  graphed  wero  picked  at  random.  Figure  (a)  shows  the  deflection 
as  a  function  of  pressure  at  the  center  of  the  disc,  and  at  dis¬ 
tances  of  one  and  two  Inches  from  the  center.  Inspection  of  a  few 
graphs  will  show  three  distinct  regimes  of  behavior.  For  pressures 
below  40  psi,  the  deflections  are  linear  and  elastic.  As  the  limit 
of  elasticity  is  approached,  between  20  psi  and  40  pel,  the  char¬ 
acteristic  curve  becomes  non-linear.  Once  the  limit  of  elasticity 
has  been  exceeded  the  deflections  are  again  linear  functions  of 
pressure  but  with  a  smaller  slope.  The  most  interesting  deviation 
from  linearity  is  shown  in  Figure  V-ba.  This  seems  to  be  an  example 
of  a  disc  originally  more  ductile  than  the  others  being  work-hardened 
and  finally  becoming  stlffer  than  the  other  discs.  Its  average  rate 
of  deformation  and  rupture  pressure  were  not  affected. 

The  profiles  of  the  discs  at  different  pressures  are  shown  in 
figures  (b).  Note  the  remarkable  symmetry  in  all  cases  and  the 
similarity  of  the  profiles  along  a  groove  and  between  grooves.  It 
is  of  interest  to  note  that,  judging  from  their  profiles,  all  discs 
seem  to  behave  like  membranes  under  ml fora  tsnslon  rather  than 
thick  plates  rigidly  clamped  at  the  edges. 

Figures  V-9  through  V-12  pertain  to  pre-formed  discs.  The  main 
difference  is,  of  course,  that  the  deflections  at  0  psi  are  quite 
substantial  already „  and  that  the  profils  at  0  psi  is  not  flat. 

i* 

Note  in  figures  (a)  that  the  elastic  regimo  is  absent.  IUi  It  to 


uxoected  since  the  discs  were  formnit  r«t  nro«»n »••>«»  m.ji  i  hn.innj 
those  at  which  elasticity  may  be  observed.  Note  also  that  near 
rapture  the  deflections  of  the  preformed  discs  are  of  the  same 
magnitude  as  those  of  the  directly  ruptured  discs. 

Once  it  has  been  ascertained  that  all  discs  deform  with  axial 
symmetry,  the  canter  deflection  at  ruptur.  Is  the  only  quantity 
needed  to  calculate  to  a  good  approximation  the  change  in  volumo 
contributed  to  a  float  by  a  deforming  disc.  The  reader  is  re¬ 
ferred  to  Appendix  C  for  an  explanation  of  the  method  used,  and 
to  Figure  V-.12  for  the  curves  showing  the  change  in  volume  as  a 
function  of  rupture  pressure  or  depth  for  preformed  discs  and  for 
directly  ruptured  discs.  Although  the  points  plotted  indicate 
straight  line  curves,  both  curves  have  been  drawn  through  the  origin 
for  reasons  of  continuity.  It  is  interesting  to  note  that  for 
directly  ruptured  discs  the  change  in  volume  ranges  from  3.3d  to 
13.S6  cubic  inches,  while  for  preformed  discs  that  rupture  at  depths 
of  Interest  to  oceanographers,  the  final  change  in  volume  lies 
between  2.54  and  3.04  cubic  inches.  It  is  obvious  that  for  ocean¬ 
ographic  purposes  the  use  of  preformed  discs  would  be  preferable 
and  it  remains  to  be  shown  in  the  next  chapter  that  their  use  is 


also  practical 
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The  largest  inaccuracy  in  the  measured  deflections  Is  caused 
by  the  25  psi  uncertainty  that  is  inherent  in  the  readings  of 
the  Acco  pressure  gauge.  Since  the  average  deformation  at  the 
center  of  the  discs  ranges  from  0.0003  to  0.0005  inch  per  psi, 
the  uncertainty  in  a  measured  deflection  ranges  from  0.0075  to 
0.0125  inch,  depending  on  the  groove  depth  of  the  particular  disc. 

As  the  measurements  are  taken  at  increasing  distances  from  the  center, 
this  uncertainty  becomes  smaller,  ranging  from  0.0065  to  0.0100 
inch  at  1  inch  from  the  center  and  from  0.0041  to  0.0068  inch  at 
2  inches  from  the  center. 

A  second  source  of  significant  Inaccuracy  is  Introduced  by  the 
practice  of  replacing  the  probes  before  each  measurement.  As  was 
explained  before,  each  disc  Is  marked  to  indicate  the  proper  loca¬ 
tion  of  the  pointed  probes,  and  when  placed  carefully  no  probe  will 
deviate  more  than  l/84  inch  in  any  direction  from  its  required 
location.  The  worst  case  occurs  during  the  maximum  deformation  of 
a  disc,  for  then  the  average  slope  is  a  maximum.  Any  error  in  the 
horizontal  placing  of  the  probe  along  a  curve  of  maximum  elope  will 
result  in  a  maximum  uncertainty  in  the  reading  of  the  dial  gauge. 

In  these  experiments  the  greatest  observed  center  deflection  was 
0.875  inch  at  2400  psi.  The  average  slope  is  then  0.202  causing  a 
maximum  possible  uncertainty  of  0.005  Inch.  In  actual  tests,  re¬ 
peated  readings  during  this  worst  conditions  showed  that  no  two 
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i./i  ilif  I  ovation  f-vrr  dl f fared  by  more  than  0.003 

i  iirf-MHiircn  .mil  iiim.iI  )  i.-r  def  1  options  this  error  bo~ 

■  ; 1 1 1  I  1  c.intly  nm.il  lor. 

1  •  t i>oi  !. mu-cos  of  inaccuracy  arc  present  In  the  Instrument  but 
their  contribution  to  tile  total  inaccuracy  it.  consistently  less  than 
0.001  Inch.  The  dial  gauge  is  accurate  within  0.0005  Inch.  Uncer  - 
tain ties  due  to  uneven  travel  of  the  tube  with  respect  to  the  botto.i 
plate  wero  measured  and  found  to  be  leas  than  0.001  inch.  Oncer- 
tr'ntles  caused  by  variations  in  the  actual  lengths  of  the  probes 
are  also  leas  than  0.001  Inch. 

.  Whereas  in  the  worst  case,  a  maximum  uncertainty  of  0.010  Inch 
in  the  measurements  may  be  expected,  the  average  maximum  uncertainty 
will  range  from  0.003  to  0.008  inch.  Since  the  average  deflection, 
la  approximately  0.300  Inch  It  follows  that  the  Instrument  operates 
with  an  average  uncertainty  of  2  percent. 

A  source  of  uncertainties  whose  magnitudes  are  difficult  to 
estimate  is  the  variation  in  thickness  and  composition  of  Individual 
discs.  Since  it  Is  known  that  tha  thickness  varlns  randomly  by 
2  percent,  one  may  assume  that  the  uncertainty  contributed  by  varia¬ 
tions  in  the  material  la  at  least  1  peresnt.  Thus,  bearing  in  mind 
that  the  instrument  operates  with  a  2  psrcsnt  uncertainty  it  is  clear 
that  the  curves  in  Figures  V-4  through  V-ll  deviate  from  true  curves 
for  perfect  discs  by  as  much  as  9  percent. 
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Figure  V-lb.  Profiles  through  center  of  a  disc  without  grooves. 

Top:  Theoretical.  Bottom:  Experimental  (disc  no.  57). 
No  rupture. 


Figure  V-2.  Relation  between  rupture  pressure  ind  groove  depth  in 
thousandths  of  an  inch. 

Top:  For  discs  directly  ruptured. 

Bottom:  For  pre-formed  discs. 


0  10  20  30  40  50  groove  depth 


Figure  V-3.  Relation  between  average  rate  of  deformation  in  thousandths 
of  an  inch  per  psi  of  applied  normal  pressure  and  groove 
depth  in  thousandths  of  an  inch. 

Data  pertains  to  directly  ruptured  discs  only. 


Figure  V-4a.  Deflection  vs.  Pressure  at  several  distances  from  the 
center  (disc  no.  49). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 

Groove  depth:  .050  inch. 

Average  Rupture  Pressure  (discs  no.  49,  50,  51,  52):  463  psl 
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-5a.  Deflection  vs.  Pressure  at  several  distances  from  the 
center  (disc  no.  4). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 
Groove  depth;  .030  inch. 

Average  Rupture  Pressure  (discs  no.  4,  5,  6):  842  psi. 


Figure  V*6a,  Deflection  vs.  Pressure  at  several  distances  from  the 
center  (disc  no.  8). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 
Groove  depth:  .020  Inch. 

Average  Rupture  Pressure  (discs  no.  7 ,  8,  9):  1392  pel. 
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Figure  V-6b.  Profiles  through  center  of  disc  (disc  no.  8). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 
Groove  depth:  .020  inch. 

Average  Rupture  pressure  (discs  no.  7,  8,  9):  1392  psi. 


Figure  V-7a.  Deflection  ve.  Pressure  at  several  distances  from  the 
center  (disc  no.  10). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 

Groove  depth:  .016  iuch. 

Average  Rupture  Pressure  (discs  no.  10,  11,  15,  16):  2056  psi 


73. 


Figure  V-8b.  Profiles  through  center  of  disc  (disc  no.  56). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 

Groove  depth;  .012  inch. 

Average  Rupture  Pressure  (discs  no.  53,  54,  55,  56):  2633  psi. 
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Figure  V-9a.  Deflection  vs.  Pressure  at  several  distances  from  the 
center  for  a  pre-formed  disc  (disc  no.  12). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 

Groove  depth;  .030  inch. 

Average  Rupture  Pressure  (discs  no.  12 ,  13,  14):  875  psi. 
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Figure  V-lOa.  Deflection  vs.  Pressure  at  several  distances  from  the 
center  for  a  pre-formeJ  disc  (disc  no.  30). 

Top:  Between  the  grooves.  Bottom;  Along  a  groove. 

Groove  depth:  .022  inch. 

Average  Rupture  Pressure  (discs  no.  29,  30):  1450  psi. 


Figure  V-lla.  Deflection  vs.  Pressure  at  several  distances  from  the 
center  for  a  pre- formed  disc  (disc  no.  45). 

Top:  Between  the  grooves.  Bottom:  Along  a  groove. 
Groove  depth:  .018  inch. 

Average  Rupture  Pressure  (discs  no.  45,  46):  1875  psi. 
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Figure  V-llb.  Profile*  through  center  of  a  pro- formed  disc  (disc  no.  45). 

Top:  Between  the  grooves.  Bottom:  A1 'ig  a  groove. 

Groove  depth;  .018  inch. 

Average  Rupture  Pressure  (discs  no.  45,  46):  1875  psi. 
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Figure  V-12.  Volume  change  vs.  Rupture  Pressure  or  Depth 
Top:  Directly  Ruptured  discs. 

Bottom:  Pre- formed  discs. 
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VI.  OCEANOGRAPHIC  APPLICATIONS 


'In*  experiments  described  in  the  previous  chapter  have  ihow 
that  a  preformed  disc  undergoes  a  far  aaaller  change  in  voluae  before 
rupturing  than  a  flat  disc.  It  remains  to  be  shown  that  even  with 
that  saall  voluae  change  a  float  equipped  with  a  preforaed  disc  can 
reaaln  neutrally  buoyant. 

To  use  a  typical  case  as  an  example,  os suae  that  a  float  is 
released  to  be  neutrally  buoyant  at  a  depth  of  2000  feet  and  to 
laplode  eventually  in  the  SCFAR  channel  at  a  depth  of  4000  feet. 

As suae  that  the  float  consists  of  an  aluminum  tube  of  type  6061-T8 
with  an  outer  disaster  of  7.0  inches  and  a  wall  thickness  of  0.5 
inch. 

At  the  surface  the  density  of  the  float  must  exceed  that  of  the 
sea  water  in  order  to  sink.  At  a  depth  of  2000  feet  the  seawater 
will  have  increased  Its  density  by  0.22  percent  (von  A rx,  1902).  As 
the  tube  sinks  it  becomes  nonprossed  due  to  the  Increasing  pressure 
of  Its  environment.  The  change  r  in  the  outer  radius  R^  Is  giver,  by 


where  R^  Is  the  inner  radius,  p  is  the  exterior  pressure,  R  is 
Young's  modulus,  and  u  Is  Poisson's  ratio.  At  a  depth  of  2000  feet 
the  value  of  r  Is  >0.0019  lnoh,  causing  a  decrease  In  the  voluae  of 
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the  float  of  0.11  percent.  Bine*  thin  change  la  vary  small  th# 
approximate  Increase  la  tha  d anally  of  tba  float  contributed  by  tha 
compressing  tuba  will  also  be  0.11  percent.  Thus  for  the  float  to 
be  neutral ly-buoyant  at  2000  feat  the  Increase  in  tha  density  of 
tbs  float  due  to  the  deforming  rupture  disc  can  be  no  greater  than 
0*11  percent,  if  It  sere  as  grsat  as  0.11  percent,  the  float  would 
change  its  density  at  exactly  the  saae  rate  as  the  seawater  sur¬ 
rounding  it  as  it  sank,  this  naans  that  any  amount  of  negative 
buoyancy  1 parted  to  the  float  at  the  surface  to  make  it  sink  initially 
mould  cause  the  float  to  remain  heavier  than  the  mater  surrounding 
it,  and  go  directly  to  the  hottest  of  tha  ocean.  Thar • fore,  to 
assure  that  the  float  can  ba  nads  to  sink  at  tbs  surface  yet  st.lll 
bacons  asutrally-buoyant  at  2000  fast,  ons  must  be  certain  that  the 
float  mill  increase  Its  density  at  a  significantly  slower  rats  thu-. 
tha  eeawatsr  through  which  it  sinks.  Thus  as sums  that  the  change 
in  the  density  of  tha  float  contributed  by  the  deforming  rupture 
disc  should  be  no  greater  than,  say  0.00  psrosnt.  Than  tha  change 
in  voluan  of  the  float  at  2000  feet  due  to  the  deformed  disc  should 
represent  no  mere  than  0.00  percent  of  the  original  volume  of  the 
float. 

At  a  depth  of  4000  feat  where  rupture  occurs  the  volume  change 
of  the  disc  mill  be  approximately  3  cubic  inches  (see  Figure  V-12). 
Since  the  center  deflection  changes  linearly  with  depth  (see  Figure 
V-lla)  and  the  volume  is  almost  directly  proportional  to  the  cantsr 
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deflection  (see  the  table  In  Appendix  c,  column  5),  the  volume 
cban(e  at  2000  teat  would  be  approxismtely  1*1/2  cubic  inches* 
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of  the  float,  It  follows  that  the  eaalleet  float  that  will  achieve 
neutral  buoyancy  with  a  preformed  disc  has  a  volume  of  2800  cubic 
Inches •  For  a  float  with  an  outer  diameter  of  7,0  inches  this 
means  a  minimum  length  of  65.0  inches,  or  approximately  B-l/2  feet. 
All  the  above  assumes,  of  course,  that  the  opposite  end  of  the  tube 
is  dosed  by  a  thick  disc  which  undergoes  negligible  detonation. 

Considering  the  minimum  dimensions  for  the  float  of  the  exarpln, 
it  is  clear  that  the  use  of  neutrally-buoyant  floats  equipped  with 
p re-formed  rupture  discs  for  signalling  purposes  is  certainly  prac¬ 
tical,  provided  that  the  amount  of  snsrgy  released  by  the  lsploe*  .oa 
is  detectable  over  distances  of  the  order  of  hundreds  of  alias, 
rather  than  ailsa  aa  1s  the  esse  with  most  electronic  signalling 
devices  used  presently  with  neutrally-buoyent  floats.  In  order  to 
determine  more  precisely  the  distance  over  ehleh  implosions  cause  1 
by  ruptured  discs  would  ba  audible,  a  field  experiment  was  con¬ 
ducted  in  July  of  1964  using  the  SOFAS  listening  stations  of  the 
Paelfio  Missile  Range  and  the  facilities  of  the  Bureau  of  Commercial 
Fisheries,  U.8.  Fish  sad  Wildlife  Service,  in  Honolulu,  Hawaii* 

Sinee  for  this  field  experiment  neutral  buoyancy  sms  of  no 
consideration,  the  devices  wars  sanufaetured  from  aluminum  tubes 
of  type  6061-T6  with  an  outer  diameter  of  6.76  lneh  and  an  inner 
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diameter  of  6.00  lnoh.  The  rupture  discs  «srs  sad.  of  aluminum 
of  typa  243T3,  with  a  thickness  of  0.160  inch,  and  a  diameter  of 
7.60  inch.  Each  disc  sms  provided  on  on*  aids  with  two  mutually 
perpendicular  groove*,  8.00  Inches  long  and  intersecting  at  the 
center  of  the  disc.  The  grooves  were  cut  with  a  60°  V-cutter  to  a 
depth  of  0.02S  inch  for  19  discs,  and  to  a  depth  of  0.012  inches 
for  6  discs*  The  discs  with  the  deep  grooves  were  to  rupture  at 
a  depth  of  2800  feet  which  corresponds  to  the  depth  of  the  8CFAR 
Channel  around  the  Hawaiian  Islands*  The  purpose  of  the  discs 
with  the  shallow  grooves  was  to  discover  If  energy  released  far 
below  the  BOFAR  Channel  oould  be  detected  in  the  channel.  The  tutoos 
were  divided  in  five  groups  of  five  tubes  each.  The  lengths  of 
the  tubes  In  each  of  the  groups  were  respectively:  1  foot,  3  last, 

6  feet,  6  feet  and  9  feet* 

The  rupture  discs  were  attached  to  the  tubes  by  means  of  inert- 
gas  arc-welding  following  the  method  used  successfully  in  the  pre¬ 
liminary  experiments  (see  Figure  II-4)*  The  devices  were  couplet :d 
by  closing  their  other  ends  with  aluminum  discs,  0.200  inch  thick, 
and  a  diameter  of  7.90  inch.  These  bottom  discs  were  also  weldeo  on. 

Tor  the  actual  field  tests  the  author  joined  the  r/v  Townsend 
Cromwell  of  the  bureau  of  Coseercial  Fisheries  during  an  oceano¬ 
graphic  cruise  in  July  of  1964.  The  Cromwell  left  Honolulu  on 
July  12,  and  returned  on  August  1.  The  cruise  plan  is  shown  in 
Figure  VI-1,  a  total  of  ten  drops  of  two  or  three  floats  each  were 


am 


85. 

aede.  The  first  two  drops  were  nade  on  the  fir.  t  west  to  east  leg 
of  the  erulaa,  at  11°30‘N.  fiaeh  drop  consisted  of  s  9  foot  float 
and  a  six  foot  float.  Due  to  the  absence  of  Intervening  1  sluice, 
each  ana  Meant  for  detection  at  the  listening  stations  on  Wake  and 
Midway.  None  of  these  signals  were  received.  All  other  drops  were 
meant  for  detection  at  the  listening  station  at  Kaneohe  on  the  north 
side  of  Oahu  (see  Figure  VI-i). 

A  oooplete  log  of  drops  3  through  10  la  shown  in  table  VI-1. 

The  date  and  tine  are  local  tine.  The  latitude  and  longitude  Indi¬ 
cate  the  ship's  position  at  the  ties  of  the  drop.  Since  the  exact 
locations  of  the  SOFAS  hydrophonee  are  classified,  the  distances 
shorn  are  approodeate  and  are  as  Measured  fron  the  ship  to  the  100 
fathom  line  northeast  of  Oahu.  Appraxlnately  an  hour  before  each 
drop  the  station  at  Kaneohe  was  informed  by  radio  of  the  Intended 
drop  tine*  This  allowed  the  people  at  the  station  to  prepare  their 
recording  equipment.  All  data  ware  to  be  reoorded  on  Magnetic  tape* 

The  two  or  three  devices  to  he  used  were  ballasted  so  that 
ell  would  take  about  18  ainutes  to  sink  to  3800  feet  (see  Tig'iie 
VI-3) .  They  were  released  at  two  ad  nuts  intervals.  lanedlately 
upon  dropping  the  floats,  a  Mark  33  Rescue  Signal  was  released. 

This  signal  consists  of  a  4  lbs  charge  of  TNT  which  sinks  In  one 
adnute  to  3800  feet  where  It  is  exploded  by  a  detonator  activated 
by  hydro# ta tic  pressure.  The  signals  are  clearly  audible  at  dis¬ 
tances  up  to  3000  alias.  In  our  ease  they  served  both  aa  data 
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references  narks  and  naana  to  calibrata  tha  Implosive  anargy  of 
the  floats.  Tha  axploalon  of  tha  Mark  22  was  aonltorsd  aboard  tha 
Townsand  Cronwall  and  Its  axact  tins  and  tha  ship's  position  wore 
ralayad  to  Kaneohe  by  radio. 

Tha  length  of  tha  floats  used  and  their  rupture  discs  are  also 
Indicated  in  table  VI-l.  Tha  last  coluan  in  tha  table  shows 
whs  -her  or  not  tha  signal  frost  a  float  was  received  at  Kaneohe. 

The  greatest  distance  at  which  a  float  was  heard  is  approximately 
1100  kn.  Only  tha  signal  frost  the  6  foot  float  was  received  at  this 
distance,  since  tha  0  foot  float  Imploded  far  below  the  SOFAR  Channel. 
The  signal  recorded  on  magnetic  tape  is  shown  graphically  in  Figure 
VI-3.  The  Kaneohe  listening  station  has  four  hydrophones  and  the 
different  tinea  of  arrival  at  the  phones  are  due  to  the  different 
locations  of  the  phones.  The  graphic  display  shows  amplitude  of 
the  signals  in  decibels  versus  time.  The  distance  between  any  twr* 
consecutive  heavy  vertical  lines  represents  l/2  second.  The  distunce 
between  any  two  consecutive  heavy  borlsontal  lines  on  the  grid 
represents  8  decibels. 

As  can  be  seen  from  Figure  VI-3,  the  signal  amplitude  * i  sub¬ 
stantially  greater  than  that  of  the  ever  present  sea  noise,  and  it 
is  easy  to  perceive  the  signal  either  graphically  or  aurally. 

Figure  Vl-4  shows  tbs  signals  and  relative  arrival  tines  for  the 
Mark  22  Rescue  Signal  released  during  the  fourth  drop. 

A  coap&rieon  of  Figures  VI-3  and  Vl-4  allows  one  to  estimate 
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the  energy  obtained  from  an  imploded  float.  Assume  that  the 
amplitude  of  the  recorded  signal  la  proportional  to  tha  energy  ■ 
released  at  a  fixed  distance.  Let  A  denote  the  relative  assault 
of  energy  contained  in  the  Hark  22  Rescue  Signal,  and  B  the  rela¬ 
tive  amount  of  energy  contained  in  the  6  foot  float.  Let  D  denote 
the  difference  in  decibels  between  the  average  peak  amplitude  of 
the  Mark  22  Rescue  Signal  and  the  average  peak  aaplltuda  of  the 
0  foot  float.  The  reader  can  verify  froa  Figures  Vl-3  and  VI-4 
that  D  «  20  decibels.  By  definition 

D  =  30  lo*io  S 

or 

A  _ 

S  =  10 

Thus,  the  6  foot  float  la  approximately  equivalent  to  0.4  lbs  of 
THT.  Since  the  voluae  of  the  float  was  approxiMstely  1.2  cubic 
feet,  it  follows  that  at  a  depth  of  2800  feet  (1100  pel)  a  float 
with  a  voluae  of  3  cubic  feet  has  the  potential  energy  equivalent 
to  1  ib  of  TOT, 

The  energy  released  by  a  float  la  directly  proportional  to  its 
voluae  'Cole,  1048).  Xf  one  sasuaas  that  the  energy  released  by 
a  float  ia  also  proportional  to  pressure,  which  la  true  for  spherical 
volumes  (Cole,  1040) ,  one  may  extrapolate  the  above  figures  to  find 
that  at  1100  pal  a  voluae  of  1.8  cubic  feet  is  potentially  mqul valent 
to  1  lb  of  TOT.  This  ooapares  favorably  with  the  result  stated  in 
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Chapter  11  where  It  was  tentatively  estimated  that  at  1880  pal 
4  cubic  fact  would  be  potentially  CTJi valent  to  1  lb  of  TOT  ( aee 
page  7). 

Hie  nature  of  the  algnala  received  varied  little 
from  one  drop  to  the  next.  To  llluetrate  thle  Figure  VI-S  aho<ve 
the  elgnal  received  free  the  9  foot  device  released  during  the 
seventh  drop  at  a  distance  of  990  its  from  Kaneohe.  Of  greater 
Interest  for  future  work  with  rupture  discs  and  deep-ocean  neutrally- 
buoyant  floats  Is  the  frequency-apoetrua  of  the  signal  obtained 
fron  such  floats. 

Figures  VI-8  through  Vl-8  show  the  frequency  analysis  at  a 
single  hydrophone  for  the  iaploslon  signals  received  from  drops  4, 

7  and  9  at  dlatanoee  of  1100,  890  and  290  ksi,  respectively.  In 
all  figures  the  lower  graph  shows  on  a  continuous  heals  the  fre¬ 
quencies  present  as  a  function  of  tlao  in  incraaents  of  24  eps  be¬ 
tween  4  and  1200  eps.  The  total  tine  shown  In  8  seconds  and  is 
apprcaU.se tely  centered  around  the  tine  of  arrival  of  the  iaploslon 
signal.  The  usefulness  of  the  lower  graph  in  a  frequency  analysis 
is  United  due  to  the  overloading  of  the  pre- amplifiers  upon  arrival 
of  the  signal.  This  Is  illustrated  by  the  high  frequencies  apparently 
present  at  the  arrival  tints  although  it  is  doubtful  that  the  80F.VR 
systea  wee  designed  to  handle  such  high  frequencies. O 


*  Unfortunately  the  specifications  of  the  SOFAR  systea  are  classl- 
fleld,  so  that  this  discussion  can  only  ba  qualitative. 


83 


The  UDMT  KTADhS  In  th#  thr«M  fisunia  mhttv  tha  Mint  1m 

amplitude  of  tha  frequencies  present  at  particular  instances  of 
time*  Tbs  tins  base  of  each  of  the  upper  graph*  coincides  pre¬ 
cisely  with  that  of  the  lower  graph.  In  all  three  figures  a  fre¬ 
quency  analysis  of  tha  incoming  signal  is  shown  a  few  seconds 
before  the  arrival  of  the  laploaion  signal,  immediately  after 
the  arrival ,  and  a  few  seconds  after  the  arrival.  The  first  and 
third  analysis  show  the  amplitude  of  the  frequencies  present  in 
the  background  noise  for  that  particular  period  of  tine. 

It  can  be  seen  from  Figures  VI-8  and  VI-7  that  the  frequencies 
of  tha  energy  released  by  the  laploslon  of  a  6  foot  float  and  a 
5  foot  float  lie  between  290  cps  and  600  ops  with  a  peak  at  350 
cpa.  This  is  well  above  the  frequencies  found  in  sea  noise,  vhlch 
usually  11a  below  200  cpa  with  a  peak  near  80  cpa.  It  would  be 
deslreble,  however,  If  the  spread  of  the  frequency  were  sseller  .In 
order  to  increase  tbs  relative  aaplitude  of  tbs  peak.  Also,  if 
the  peak  were  at  390  cps  rather  than  350  cps,  the  effect®  of  1  out¬ 
distance  attenuation  would  be  decreased.  The  sain  purpose  of  Figure 
VI-8  is  to  illustrate  that  the  frequencies  of  the  energy  releases 
by  a  email  float  (1  foot)  are  considerably  higher  (300  to  900  cps) 
and  are  not  attenuated  appreciably  over  e  short  distance.  It  is 
interesting  to  note  that  the  only  tins  a  signal  was  received  from 
a  float  laploded  far  below  the  90FAR  Channel  was  for  a  drop  quite 
olose  to  the  station  (ass  table  VI-i,  Float  No.  21). 
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The  field  experiment  off  the  Htwllui  Island*  ha*  mtunm  that 
the  us*  of  rupture  diaca  for  unde  neater  signalling  over  slgnifi- 
cant  distance!  is  certainly  feasible*  The  results  obtained  as  to 
the  aaount  of  energy  released  sad  the  frequency  spectrua  of  the 
laplodlng  float*  Indicate  that  further  work  in  this  direction  is 
both  necessary  and  worthwhile*  These  future  aspects  are  discussed 
in  the  concluding  chapter  of  this  papa*  • 
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Figure  VI-4.  Graphic  representation  of  the  SOFAR  signal 
Phone  No.  I  shown  at  top. 

Drop  4,  Mark  22  Rescue  Signal. 


Figure  VI-5.  Graphic  representation  of  the  SOFAR  signals 
Phone  No.  I  shown  at  top. 

Drop  7,  Implosion  3. 


Figure  VI-6.  Frequency  analysts  of  the  signal  received 
on  phone  No.  2. 

Drop  4,  Implosion  I . 
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Frequency  analysts  of  the  signal  received 
on  phone  No.  1 . 

Drop  7>  Implosion  3. 


Figure  VI -7 


Figure  Vl™8.  Frequency  analysis  of  the  signal  received 
on  phone  No.  2. 

Drop  9,  Implosion  I , 
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VII.  CONCLUSION 


Thw  «*p«rliwriis  performed  with  rupture  discs  in  the  laboratory 
and  in  tha  Pacific  Ocsan  hava  shown  that  hollow  cylindrical  floats 
squippad  with  rupture  discs  are  useful  for  long-distance  underwater 
signalling.  Tha  work  has  yielded  technical  knowledge  concerning 
the  fabrication  of  rupture  discs  and  their  attachment  to  floats. 

The  experiments  have  resulted  in  numerical  information  useful  In 
further  work  with  rupture  discs  and  long-distance  signalling  in 
the  SQTAR  Channel. 

It  is  clear  that  tor  future  work,  rupture  disci  have  to  be 
developed  with  a  uniform  thickness  varying  less  than  0.001  inch 
over  the  disc,  and  with  a  groove  depth  accurate  well  within  O.OOJ 
inch.  Since  such  close  tolerances  are  difficult  to  achieve  with 
rolled  metal  materials  it  any  be  desirable  to  examine  the  possi¬ 
bility  of  using  discs  east  in  a  mold.  The  grooves  night  be  cast 
as  an  integral  part  of  the  mold,  or  they  night  be  cut  on  a  milling 
machine.  Zf  casting  or  molding  proves  feasible,  it  would  be  of 
Interest  to  consider  using  one  or  more  of  the  modern  plastics  such 
as  LSXAN  (a  poly-carbonate)  or  CELCON  (an  acetal  polymer).  Both 
these  materials  are  noted  for  their  molding  properties  and  their 
exceptional  flexular  strength.  In  large  quantities,  both  would  be 
cheaper  to  produce  than  any  type  of  metal  disc. 

The  possibility  that  discs  may  be  molded  out  of  plastics  quite 
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naturally  leads  one  to  oonsldar  using  plastic  floats*  Again,  tbs 
uss  of  tbs  previously  Mentioned  materials  for  the  construction  of 
floats  is  perfectly  feasible.  However,  tubes  of  the  large  dimen¬ 
sions  needed  for  oceanographic  purposes  would  have  such  a  great 
wall  thickness  when  made  of  plastic  that  their  cost  alght  become 
prohibitive.  One  Immediate  advantage  of  using  plastic  floats  and 
plastic  rupture  discs  is  the  ssse  with  which  the  two  may  be  Joined. 
Any  number  of  eosmsrclally  available  resin  epoxies  will  yield  a 
bond  between  the  two  parts  far  stronger  than  the  original  material. 

Although  welding  Is  n  satisfactory  Beane  of  attaching  aluminum 
discs  to  aluminum  floats,  it  is  too  expensive  for  large-soale  fabri¬ 
cation  of  neutrally-buoyant  floats  equipped  with  rupture  discs.  The 
cost  of  other  sound  means  than  welding  will  also  be  prohibitive  in 
any  project  where  the  cost  per  alisat  mst  be  minimised  due  to  the 
large  number  of  floats  to  be  used.  It  is  possible,  however,  t>iat 
aluminum  dlsoe  could  bn  attached  to  flutvs  by  means  of  epoxies. 
Although  this  bond  would  not  be  ss  strong  ae  a  weeded  bond,  the  d;  jc 
would  be  sealed  flraly  against  the  tube  by  hydrostatic  pressure  at 
the  pressures  required  to  defers  the  disc  to  such  an  extent  ss  tc 
break  the  epoxy  hood. 

The  Hawaiian  experleeat  was  successful  in  that  it  gave  a  definite 
measurement  of  the  amount  of  potential  energy  carried  by  a  float 
equipped  with  a  rupture  disc.  It  also  became  clear,  however,  that 
further  research  and  development  were  necessary  not  only  tc  deteioine 
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tli*  iln  of  flotta  Metnary  for  ooawvldi  signalling  but  also  to 
datandlw  the  typo  of  float  and  disc  noooaaary  to  ylold  an  Inplaslon 
with  a  doairablo  frequency  apoctrun. 

If  it  la  trua  that  tbo  aaount  of  onargy  ralaaaad  at  a  glveu 
daptb  la  proportional  to  tha  volune  of  tbo  float,  It  aaano  a  alnplo 
■attar  to  obtain  blgbar  onargy  lovala  by  Increasing  tbo  length  or 
tbo  dlaaatar  of  tbo  floata.  Increasing  tbo  length  of  a  float  ouch 
boy ood  10  or  12  foot  la  not  practleal,  both  bocauao  of  handling  and 
storage  problaaa  and  boeauaa  tha  lnoraaaa  In  volona  la  only  propar* 
tlonal  to  tha  Ineroaao  In  langtb.  Slnoa  tba  voluaa  lncraaaoa  aa  tha 
•quare  of  tbo  dlaaatar,  It  la  aora  desirable  to  lnoraaaa  tba  dlaaatar 
of  tba  float*  Doing  this  la  alao  subject  to  a  practical  Unit,  ho»- 
•nr,  for  aa  tha  dlaaatar  ineraaass  tba  anil  thlcknaaa  aut  Inara  a# 
la  dlraot  proportion  to  Maintain  tbo  low  conproaalblllty  of  tbo 
float  noooaaary  for  noutral  buoyancy,  for  axanplo,  ono  can  increase 
tba  potantlal  onargy  of  a  float  at  a  given  proaaura  nlna-fold  by 
tripling  Its  diaaotor*  To  nalntaln  tbo  aano  low  oooproaaiblllty 
oaa  nuat  trlpla  tbo  wall-thlcknaoia.  Slnoa  tha  olrouaforanoa  baa 
alao  tripled  ono  la  faced  with  at  loaot  a  nlna-fold  lnoraaaa  In  ton 
weight  of  tbo  float*  Tbo  aaas  Ineroaao  In  voluno  ean  bo  achieved  bo 
Increasing  tbo  length  of  the  original  float,  and  thus  its  weight, 
nine-fold.  One  than  baa  tbo  interesting  r a suit  that  tbr  potantlal 
snargy  of  a  float  la  directly  proportional  to  Its  weight.  Tbia 
again  points  to  tba  need  for  finding  cheaper  aatorlala  for  tba  ■ 


coo* traction  of  the  float*. 

Neutrolly-buoyant  float*  with  long-distance  signalling  capa¬ 
bilities  will  um  useful  in  the  study  of  currants  at  dapth  in  tha 
oeaon.  For  this  purpooa  two  types  of  float  hava  to  ba  daslgnad. 

On*  would  drift  above  tha  80FAR  Channel  and  avantually  sink  In  tc 
th*  ehonnal  to  laploda,  and  th*  saoond  would  drift  balow  th*  SOFAH 
Channel  and  avantually  risa  into  th*  channel  to  laploda*  Whereas 
tha  design  of  th*  first  type  is  straight  forward,  that  of  tha  saccud 
poses  aor*  probleas*  Sine*  at  neutral  buoyancy  th*  float  would  be 
exposed  to  pressures  great  enough  to  rupture  Its  disc,  the  rupture 
disc  would  have  to  be  protected  until  tha  float  arrived  in  tha 
SOFAH  Channel  froa  below.  One  design  possibility  would  be  to  equip 
e  float  with  extra  ballast.  After  drifting  et  som  depth  below  t'  ' 
SOFAH  Channel  for  a  predetermined  period  of  tlaa,  this  extra  ballast 
would  ba  released  and  tha  float  would  eseend.  Sine*  its  rate  of 
aaoant,  its  floating  depth,  end  its  leploaloo  depth  are  known,  the 
protective  covering  of  the  disc  nay  be  destroyed  after  the  proper 
length  of  tine  when  the  float  should  ba  in  the  SOFAH  Channel.  H10 
•iaplest  way  to  destroy  the  disc's  protection  is  by  aeons  of  a  snail 
explosive  charge. 

In  order  to  ask*  neutrally- buoy ant  floats  equipped  with  long- 
range  signalling  devices  truly  useful  to  oceanographers ,  it  is  cl  jar 
that  sons  sort  of  world- wide  organisation  bos  to  be  established  to 
organise  tha  releaea  of  floats  and  the  reception  of  their  signals* 
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'llurua  th*  mat  of  th*  flout*  csn  bo  leant  low.  *ha  cost  and  waul ro— 
Bents  of  Maintaining  listening  installations  covering  all  oceans 
art  such  that  international  cooperation  la  an  abaolute  necessity. 

If  the  aany  SOFAR  listening  stations  already  established  in  Many 
parts  of  the  world  oould  be  aade  available  for  the  detection  of 
signals  froa  floats,  the  naln  function  of  such  an  organisation 
would  be  to  coordinate  the  release  of  the  floats  and  the  distri¬ 
bution  of  the  data  collected  at  the  various  stations*  It  is  the 
author's  hops  that  lntarnati octal  cooperation  will  lap rove  to  such 
an  extant  that  tbs  project  outlined  above  will  beooete  feasible. 


105. 


Appendix  A.  80FAR 

SOfAR  stands  for  SOund  £ixing  Apd  Ranging  and  usually  refers 
to  the  systea  for  dete raining  the  location  of  underaater  sound 
algnala  generated  as  far  as  3000  alias  from  shore*  In  this  con¬ 
nection  one  often  refers  to  the  SOFAR  Channel  by  which  la  aeant  t'lu 
deep  layer  In  the  ocean,  approxlaately  parallel  to  the  surface, 

In  which  the  velocity  of  sound  has  its  mlninun. 

The  aajor  Influences  on  sound  velocity  In  the  ocean  are  pro¬ 
vided  by  tesperature  and  pressure*  In  aost  cases  the  effect  of 
the  variation  In  salinity  is  sufficiently  saall  to  be  Ignored*  It 
Is  assuaed  that  the  static  pressure  Increases  linearly  with  depth, 
disregarding  the  saall  deviations  arising  froa  density  variations 
due  to  varying  teaperature  and  salinity* 

If  cos  Ignores  the  effects  of  diurnal  heating  and  cooling  in 
the  top  100  or  000  asters  of  tbs  ocean.  It  la  known  that  the  tsa- 
perature  of  the  water  decreases  rapidly  and  aonltonlcally  to  a 
depth  of  spproalaatsly  3000  feet*  This  layer  le  known  aa  the  wain 
thersncllne*  In  this  layer  the  effects  of  the  negative  teaperaturs 
gradient  far  outweighs  tha  effects  of  the  linearly  increasing  pres¬ 
sure  and  the  veloelty  of  sound  will  decrease  aonltonlcally  with 
depth* 

Below  the  bottoa  of  the  theraocllne  the  teaperature  remains 
approclaately  constant  end  Increasing  prsssure  beooass  the  dominant 
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factor  In  determining  the  sound  velocity.  Thus  w  find  that  below 
the  Main  theraocllno  the  velocity  of  sound  will  increase  aonitoni- 
cally  with  depth.  Thus  tbs  bottoa  of  the  wain  theraocllne  defines 
the  depth  at  which  the  velocity  of  sound  has  its  alnlaua.  Thla 
depth  is  called  the  axis  of  the  SOFAR  Channel. 

Since  the  bottoa  of  the  theraocllne  chances  its  depth  vary 
gradually  froa  ons  location  in  the  ocean  to  the  next*  ranging  in 
depth  froa  1000  to  6000  feet,  it  follows  that  the  SOFAR  Channel  Is 
usually  parallel  to  the  surface.  The  average  depth  of  the  axis  of 
the  SOFAR  Chennai  Is  3000  feet. 

Consider  the  sound  signal  originated  on  the  axis  of  the  channel. 
Due  to  the  Increasing  velocity  of  sound  both  above  and  below  the 
axis,  aont  energy  originally  traveling  away  froa  the  axis  wall  be 
refracted  back  towards  the  axis.  Thus  the  spreading  of  the  energy 
is  two-diaenslonal  rather  than  three-diaenelonsl.  Energy  is  greatly 
conserved  and  signals  generated  on  the  axis  nay  be  received  by 
hydrophones  plaeed  on  the  exie  at  distances  as  great  as  6000  alias. 


Appendix  B,  ENGINEERING  CALCULATIONS 


Both  the  tube  and  the  bottom  plate  of  the  instrument  are 
mohlned  froai  steel.  For* both  Young's  Modulus,  E,  Is  30  x  10  p8i 
and  Poisson's  ratio,,  u.  Is  0.3.  The  15  tie  rods  are  nade  from 
strain  tendered  steal  with  a  mini mum  yield  strength  of  100,000  pal. 

The  maxlwUM  Internal  working  pressure  of  the  tube  may  be  found 
froai  Barlow's  formula: 

P  *  "S  . 

where 

P  *  bursting  pressure  (psl) 

8  =  ultimate  tenslls  strength  of  tuba  (pal) 
t  s  wall  thickness  of  tube  (Inobds) 

0  ■  outer  disaster  of  tube  (inches) 

For  the  tubing  used  8  *  80,000  psl,  and  with  a  wall  thickness  of 
7/8  Inch  and  an  outer  disaster  of  7-3/4  inch  it  follows  that  tho 
bursting  pressure  is  approximately  18,000  psl*  For  operating  con¬ 
ditions  characterised  by  a  steady,  gradually  increasing  pressure  a 
safety  factor  of  3  Is  sufficient.  Thus  the  tube  is  absolutely  safe 
up  to  8000  psl* 

The  mini sum  yield  strength  of  the  tie  rods  Is  100,000  psi.  Th« 
weakest  part  of  each  rod  is  the  threaded  part  which  has  an  area 
of  0.38  square  inch.  Thus  the  maximum  force  to  which  any  rod  say 


be  subjected  Is  38,000  pounds.  81nce  15  rods  ars  used  tha  total 
feres  exerted  upon  tha  disc  by  the  hydraulic  fluid  in  tha  tuba 
C2tc£3id  420 9 OOO  pounds*  Ccusidcrinj  ^hs  srcsn  tKa  h<  ^ 
it  follows  that  tha  15  rods  will  hold  tha  collar  for  all  pressures 
lass  than  15,000  psi.  Again  assuming  a  safety  factor  of  3  it 
follows  that  tha  instrument  may  be  used  in  absolute  safety  with 
internal  working  pressures  of  up  to  5000  psi. 

1b  calculate  tha  angle  of  tha  bevel  required  to  maintain  a 
tight  closure  between  the  tube  and  the  collar,  assume  a  working 
pressure  of  3000  psi.  Ihls  figure  is  chosen  cut  of  convenience, 
for  all  expansions  are  linear  and  any  figure  below  5000  pel  would 
serve  equally  well. 

The  change  In  the  outer  diameter  of  a  tube,  not  constrained 
at  either  end,  subjected  to  an  internal  pressure  far  greater 
then  the  external  pressure,  Is  given  by 


where 


«  *  ?  ♦  »] 

1  -  (*/b)a 

d  a  change  in  diameter  (inches) 
s  a  inner  diameter  (Inches) 
b  s  outer  disaster  (Inches) 
p  a  internal  pressure  (psi) 
fi  a  Young's  modulus  (pal) 


u  a  Poisson's  ratio 
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For  the  tub*  used  In  the  Instrument  It  la  cal  «ui  *«■»»«  th-t 
d  =  0.0026  Inch,  lime  the  change  In  the  outer  radius  (r)  is 
r  =  0*0013  inch. 

At  3000  pel  the  collar  Is  subjected  to  a  force  of  85,000 
pounds.  Thus  the  collar  oxerts  5*700  pounds  upon  each  of  the  15 
tie  rods.  Each  rod  consists  of  two  parts;  a  threaded  part  with 
a  corse-sectional  area  of  0*28  square  inches*  and  an  unthreaded 
part  with  a  cross-sectional  area  of  0.44  square  Inches*  With  a 
force  of  8*700  pounds  on  the  rod  the  threaded  part  is  subjected 
to  a  stress  of  30*000  pel  and  the  unthreaded  part  is  subject  to 
a  stress  of  13,000  psl.  Young's  Modulus  (E)  is  by  definition 

_  stress 

"  strain  * 

where  the  strain  is  a  Measure  in  inches  per  inch  of  the  change  In 
the  length  of  a  rod  subjected  to  a  stress.  Thus  for  the  threaded 

**3 

part  of  the  rod  the  strain  Is  0*87  *  10  Inches  per  inch*  while 
for  the  unthreaded  part  the  strain  is  0*43  x  10  inches  per  inch. 
Since  the  length  of  the  unthreaded  part  is  3*875  Inch*  and  since 
one  nay  eetlaete  that  the  length  of  the  threaded  part  of  the  rod 
subject  to  lengthwise  strain  is  approximately  3/4  Inch,  it  follows 
that  the  change  in  the  length  of  the  rods  at  2000  psl  is  approxi¬ 
mately  0*0018  Inch* 

Thus,  when  the  tube  expands  radially  by  0*0013  (r)  inch  It 
■ust  travel  upwards  at  least  0.0018  (t)  inch*  It  follows  that  the 
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tangent  of  the  angle  of  tha  bevel ,  tha  angle  being  measured  from 
the  vertical,  must  be  no  greater  than  r/l  =  0.722.  Thus  tha  angle 
must  be  no  greater  than  35a45'. 

Following  the  nhove  eonputAtlnn,  the  engle  of  the  hnv.1  In 

the  Instrument  is  30°.  It  was  felt  that  this  angle  would  be  steep 
enough  to  provide  a  continuous  closure  between  the  tube  and  the 
collar  without  being  so  steep  as  to  causa  the  tube  to  bind  against 
the  bottom  plate. 
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Appendix  C.  VOLUME  UNDER  THE  DISCS 


It  was  pointed  out  in  Chapter  V  that  all  discs  behave  like  mem¬ 
branes  under  uniform  tension  near  the  pressure  at  which  they  rupture. 
Thus  one  may  assume  that  the  profiles  through  the  centers  of  the  discs 
as  shown  in  Figures  V-4  through  V-ll  are  arcs  of  circles.  For  each 
disc  the  radius  of  the  circle  is  equal  to  the  radius  of  the  sphero. 

A  typical  profile  through  the  center  of  a  spherically  deformed 
disc  is  shown  in  Figure  C-l.  The  arc  ABE  represents  the  disc.  The 
point  B  is  at  the  center  of  the  disc  and  bisects  the  arc.  Let  C  be 
the  imaginary  canter  of  the  sphere*  Then  CB  is  perpendicular  to  AE 
and  bisects  AE.  CB  is  the  radius  R  of  the  sphere.  Let  the  point  D 
divide  the  line  AB  into  two  equal  segments.  Then  the  two  triangles 
ABC  and  BBC  are  congruent  and  it  follows  that 


r  =  25-  . 

COS  P 


Let  the  deflection  OB  at  the  center  be  denoted  by  d.  Then 


p  =  cot 


■1 

AO 


Since  AE  -  0  Inches,  it  follows  that  AO  =  3.  It  is  also  clear  from 
Figure  C-l  that 

DB  =  ~  ^  8  +  <i2  . 

It  follows  that  the  radius  R  is  a  function  of  the  center  deflection 


d  only  and  la  given  by 
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/  0  +  < l2 

H  =  — - - inch. 

O  r*r\m  •m'i 

_  3 

With  the  x- fix  Is  and  the  z-AXia  aa  shown  in  Figure  C-l .  and 
with  the  y-axis  perpendicular  to  the  figure  at  the  point  0,  the 
equation  of  the  sphere  in  cylindrical  coordinates  is 

r2  +  [z  -  <d-R)]2  =  R2  . 

The  volume  under  the  disc  is  th  volume  of  the  part  of  the  aphore 
located  above  the  plane  z  -  0.  This  volume  may  be  found  by  inte¬ 
gration: 

V  =  J  A<z)  dz 

o 

V  =  tf  f  r2  dz 

Jo 

V  =  trf  R2  -  [z  -  (d  -  R>]2  dz 

*o 

2  d® 

V  =  W  (Rd*  -  ) 

The  resets  of  the  calculations  yielding  radii  ana  volume  changes 
for  directly  ruptured  discs  and  preformed  discs  are  tabulated  in 
Table  C-l.  The  volume  changes  are  plotted  as  a  function  of  rupture 
pressure  or  depth  in  Figure  V-12. 
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